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Instructions 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all con- 
tributions should be carefully examined before being submitted, 
to make sure that they conform as closely as possible to the follow- 
ing instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should 
be submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential ; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and “‘laboratory slang’’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviation used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. , 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on ‘‘Use of Abbreviations’’ on pages 5and6. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see ‘‘Use of Abbreviations.”’ 

Separate sheets should be used for the following: (a) title, (b) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (h) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). | 


To Authors 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) ‘‘Experimental 
Procedure’? (or ‘‘Methods’’), (c) ‘‘Results,’’ (d) ‘‘Discussion,’’ (e) 
““Summary,’’ (f) “‘References.’’ The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first , 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 


accuracy of bibliographic references rests entirely with the au 


thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘‘unpub. 
lished experiments,’’ ‘‘personal communications,’’ etc., must be 
made in footnotes, and not included in the References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words “‘in press.”’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references. 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 
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4 Instructions to Authors 


should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 84 x 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. ; 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow 
drawings should be avoided, as should also low wide drawings. 
Curves that can be placed on one chart without undue crowding 
should not be given in separate charts. The drawings should be 
made on Bristol board, blue tracing cloth, or on coordinate paper 
printed in light blue. Mounting on heavy cardboard is undesir- 
able. Photoengravings made from photographic prints are infe- 
rior to those prepared from the original drawings, which should, 
therefore, be submitted whenever possible. If it is necessary to 
submit photographic prints because of the excessive size of the 
originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be 
fairly thick, as well as large enough for the necessary reduction. 
When oversize original drawings are submitted, a set of small photo- 
graphic prints must also be included for the use of Referees. A 
duplicate set of figures must accompany the carbon copy of the 
manuscript. These need not be of the same quality as the orig- 
inal figures intended for publication, but must be clear and legible 
for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Generally, 


figures should be designed with the vertival height somewhat 
greater than the width, so as to fit well in a single column of the 
present format (width 3} inches). Letters and numerals should 
be uniform in size and style, and large enough so that they will be 
at least 1.5 mm high after reduction to the 34-inch width. Occa- 
sional figures may be printed so as to spread across both columns, 
if this is necessary to present full details. Drawings which con- 
tain letters or characters which do not permit reduction must be 
returned to the authors with a request that the size of the letter- 
ing be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw- 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthelegend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, O,@,0,@, A, A, ©). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of ‘‘top.’’ 
Eaoh figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Preliminary Communications 


Short Preliminary Communications, which appear to be of out- 
standing importance, will be given accelerated publication after 
editorial review and acceptance. The standards for acceptance 
of such manuscripts will be quite rigorous. Briefly, they may 
be stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to one 
full page in the present format of the Journal. This is approxi- 
mately 1000 words of text. If figures or tables are included, the 
permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Communi- 
cation will be followed by a detailed report within a reasonable 
time. In some cases a very short paper may be complete in it- 
self, no further publication being required. If an author con- 
siders his communication to be final in this sense, he should so 
state in submitting the manuscript to the Editors. In such cases, 
the form of a short regular paper might be preferable (see the 
fifth paragraph following). 

5. Such short papers will not necessarily be restricted to new 
experimental findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 

6. The title of the manuscript, and the names and addresses of 
the authors should be given at the beginning, as in a regular 
paper. However, no summary need be included, and the head- 
ings and sub-headings commonly used in full papers may—and 
generally should—be omitted. An original and two carbon copies 
should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 
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The aim of the Journal in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 
dealing with them. 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been published 
on a number of occasions in the past, when the findings were con- 
sidered significant and the documentation and presentation were 
adequate. However, we have no desire to encourage short papers 
rather than long ones. A single long report of a comprehensive 
series of findings is generally preferred by the Editors to three or 


four short papers which, in the aggregate, require more time to | 


read and to edit and also will take up more space. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 


Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 


in equations, tables, or figures requiring several unwieldy terms. 


in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term that appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acyl-AMP). It is suggested that abbreviated names be hyphen- 


tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a ‘“‘note added in proof’’ can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 
The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 
The Williams & Wilkins Company 
428 E. Preston Street 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of DPN 
and TPN may be abbreviated with a prefixed asterisk, e.g. 
3-acetylpyridine-*DPN, where the * is to be read as “analogue 
of.”” Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof should not be abbreviated, nor should groups 
easily represented by chemical symbols, such as hydroxymethyl] 
(CH.OH) or tetrahydro (-H,). In referring to folic acid deriva- 
tives it is recommended that the names “tetrahydrofolic acid” or 
“tetrahydrofolate” be written out in full, unless repeated many 
times in a paper, in which case the abbreviation “folate-H,”’ may 
be used; as also “folate-H.” for dihydrofolate. Derivatives can 
similarly be referred to, eg. “5 (or 10)-hydroxymethylfolate- 
H,” or “5 (or 10)-CH,OH-folate-Hy.”’ 

Accepted Abbreviations—The abbreviations in the list given 
below may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (cf. 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), 
DPNH 


TPN, TPNH 


diphosphopyridine nucleotide and _ its 
reduced form 

triphosphopyridine nucleotide and _ its 
reduced form 
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FAD, FADH, flavin adenine dinucleotide and its re- 
duced form 

NMN nicotinamide mononucleotide 

GSH, GSSG glutathione and its oxidized form 

CoA, acyl-CoA coenzyme A and its acyl derivatives 


(e.g. acetyl, etc.) 
AMP, GMP, IMP, the 5’-phosphates of ribosyl adenine, 
UMP, CMP guanine, hypoxanthine, uracil, cy- 
tosine 
2’-AMP, 3’-AMP (5’- the 2’-, 3’-, (and 5/’-, where needed for 


AMP), ete. contrast) phosphates of the nucleo- 
sides 
ADP, ete. the 5’(pyro-)diphosphates of adeno- 
sine, etc. 
ATP, etc. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 
deoxy-AMP(dAMP, 5’-phosphates of 2’-deoxyribosyl 
dGMP, dIMP, adenine, etc. 
dUMP, dCMP, 
dTMP) 
RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 


UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 
lactose, etc. etc. 


P,, PP; inorganic orthophosphate and pyrophos- 
phate 
Tris tris(hydroxymethyl)aminomethane 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 

For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequences as written (Ann. Rev. Biochem., 


16, 224 (1947)): 


Gly, Ala, Val, Leu,Ileu  glycyl, alanyl, valyl, leucyl, isoleucyl, 
Pro, Phe, CySH, CyS, prolyl, phenylalanyl, cysteinyl, half- 


Met, Try cystyl, methionyl, tryptophany] 
Arg, His, Lys arginyl, histidyl, lysyl 
Asp, Glu,  aspartyl, glutamyl, 
Glu-NH, Asp-NH: glutaminyl, asparaginy] 
Ser, Thr, Tyr, seryl, threonyl, tyrosyl, 


Hypro, Hylys hydroxyprolyl, hydroxylysyl 


These symbols should be separated from each other by periods 
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(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown se- 
quence may be enclosed in parentheses and separated by commas. 
These abbreviations should be used only for amino acid residues 
in peptide linkage, never for the free amino acids, the names of 
which should be written out in full. 

(6) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


Gf, Fru, Gal, Rib, deoxy- glucose, fructose, galactose, ribose, 
Rib (dRib), etc. deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosamine. Configura- 
tion symbols (L-, p-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, gua- 
nine,f etc.): 


pApG 5’-O-phosphoryl-adenyly]- (3’-5’) -guan- 


osine, or guanylyl-(5’-3’)-adenosine 
5’-phosphate 
adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 
adenylyl-(3’-5’)-guanosine 2’, 3’-phos- 
phate 


ApGp 


ApG-cyclic-p 


for polydeoxyribonucleotides: 


d-pApGpT 1-(3’-5’)- 
deoxyguanylyl- (3/-5’)-deoxythymi- 
dine, or deoxythymidylyl-(5’-3’)-de- 
oxyguanylyl - (5’-3’) - deoxyadeno- 
sine 5’-phosphate. 


+ Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 

t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 


80, 6212 (1958). 
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UNITS OF MEASUREMENT 


Units of Mass 
kilogram kg 
gram 
milligram mg 
microgram ug (not 
millimole mmole (not mM) 
micromole (not um) 
Units of Concentration 
molar (mole /liter) M 
millimolar mM 
micromolar 
Units of Length, Area, Volume, etc 
meter m 
centimeter cm 
millimicron my 
Angstrom cm) A 
square centimeter cm? 
cubic centimeter cc, or cm? 
milliliter | ml 
microliter ul (not X ) 
sedimentation coefficient 8 
sedimentation coefficient in water at 20°, 
extrapolated to zero concentration 8°00, w 
Svedberg unit of sedimentation coeffi- 
cient (10- sec) S 
diffusion coefficient (usually given in 
cm?/sec) D 


Note that, in most instances, liter is not to be abbreviated. Use 
l, if necessary in tabular matter. 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logy T = amCb = «Cb = ayeb 


In these equations A is absorbancy (preferred), OD is optical 
density, T is transmittancy (not transmittance, as for a plate 
of glass), C is the concentration of the absorbing substance in 
moles per liter, c is its concentration in other units (which must 
be specified), a, is the absorbancy index, am is the molar absorb- 
ancy index (identical with e, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave length or frequency specified, the 
exact value of this index will be somewhat ambiguous uuless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. S. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U.S. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 


Equilibrium and Velocity Constants 
Dissociation constants, association constants, and Michaelis 


_constants should ordinarily be written in terms of concentrations 


in moles per liter; for instance, for the reaction Mgt* + ATP* = 
MgATP*-, the association constant is: K = (MgATP?-)/(Mgt*) 
(ATP*); (in units of m7). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec™ (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 


ordinarily given in sec”. 

The term milligram per cent (mg %) should not be used. 
Weight concentrations should be given as g per ml, g per 
100 ml, g per liter, etc. 
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Enzymatic Sulfation of Mucopolysaccharides in Hen Oviduct 


I. TRANSFER OF SULFATE FROM 3’-PHOSPHOADENOSINE 5’-PHOSPHOSULFATE 
TO MUCOPOLYSACCHARIDES 


SAKARU Suzuki* AND JACK. L. STROMINGERT 


From the Department of Pharmacology, Washington University School of Medicine, St. Louis 10, Missouri 


(Received for publication, June 8, 1959) 


The oviduct of the laying hen is an organ histologically dif- 
ferentiated into four areas, each with a unique function in the bio- 
synthesis of the egg (2). It contains high concentrations of a 
number of unusual nucleotides, including uridine diphosphoace- 
tylgalactosamine and uridine diphosphoacetylgalactosamine-(4?)- 
sulfate (3). More recently, it has been observed that uridine 
diphosphoacetylgalactosamine sulfate, previously isolated from 
whole oviduct, is localized within a 2-cm segment of oviduct, 
termed the isthmus.! §S*-inorganic sulfate given to hens is taken 
up by the oviduct only in the isthmus and in the vagina, the ter- 
minal 3-cm region of oviduct. Furthermore, the isthmus is con- 
cerned physiologically with the synthesis of the inner egg shell 
membranes. These membranes contain a sulfated mucopoly- 
saccharide, the exact structure of which has not yet been estab- 
lished.!. These observations have led to the present study of the 
biosynthesis of sulfated mucopolysaccharides in the isthmus of 
oviduct. 

The observations reported in the present papers are concerned 
with enzymatic mechanisms of mucopolysaccharide sulfation in 
the isthmus. In the first paper an enzymatic reaction will be 
described in which sulfate is transferred from phosphoadenosine 

’-phosphosulfate (“active sulfate” of Robbins and Lipmann (4)) 
to a number of mucopolysaccharide acceptors. Enzymes which 
catalyze the synthesis of phosphoadenosine 5’-phosphosulfate 
from inorganic sulfate have also been isolated from isthmus. 
Data presented in the following two papers (5, 6) have led to 
elucidation of the mechanism of the sulfation reaction. The 
transfer of sulfate to polysaccharides from phosphoadenosine 5/- 
phosphosulfate by extracts of embryonic chick cartilage (7) and 
from p-nitrophenyl sulfate by extracts of the snail, Charonia 
lampas, (8) have been previously investigated. 


EXPERIMENTAL 
Methods and Materials 


Preparation of Enzymes—Isthmi (approximately 15 g obtained 
from three laying Rhode Island Red hens) were removed and im- 
mediately treated in a Waring Blendor for 1 minute in 60 ml of 
0.25 m sucrose at 5°. The homogenate was centrifuged at 
24,000 x g for 25 minutes. The supernatant solution, referred 
to as Fraction A, contains the sulfate-activating enzymes, ATP- 


* Present address, Department of General Education, Nagoya 
University, Nagoya, Japan. 

+ Supported by Grant A-1158 from the National Institute of 
Arthritis and Metabolic Diseases. A preliminary account has ap- 
peared (1). 

‘S. Suzuki and J. L. Strominger, unpublished observations. 


sulfurylase, and APS?-kinase (9, 10). The precipitate was ho- 
mogenized again and centrifuged as above. The supernatant 
solution was discarded. The precipitate was resuspended in 15 
ml of 0.01 m phosphate buffer, pH 7.2, and treated in a Raytheon 
10-ke. sonic oscillator for 30 minutes during continuous cooling 
with ice water. The paste thus obtained was centrifuged at 
24,000 X g for 25 minutes. The supernatant solution, referred 
to as Fraction B, contains mucopolysaccharide sulfotransferase. 
The enzyme remained in the supernatant solution after further 
centrifugation at 100,000 x g for 30 minutes. This preparation 
usually lost about half of its activity after 2 weeks at — 18°. 
Assay of Mucopolysaccharide Sulfotransferase—The assay de- 
pends upon measurement of incorporation of S** from PAPS*§ 
into mucopolysaccharide. In order to obtain mucopolysaecha- 
ride free from excess substrate, S**-inorganic sulfate, and other 
radioactive products of enzymatic activity, previous investiga- 
tors have employed precipitation of mucopolysaccharide with al- 
cohol or detergents followed by appropriate washing or dialysis, 
or both. The usefulness of this method for measuring the incor- 
poration of radioactivity into mucopolysaccharides is limited by 
its requirement for relatively large quantities of the sample and 
by minor technical errors. The following procedure permits the 
determination of as low as 50 ¢.p.m. S** per 10 wg of mucopoly- 
saccharide in the presence of more than 107 ¢.p.m. of PAPS** and 
S**-inorganic sulfate, and is based on the paper chromatographic 
immobility of mucopolvsaccharides in several solvents. The in- 
cubation mixture (see below, 50 ul) was heated in boiling water 
for 3 minutes, then spotted on Whatman No. 3 MM filter paper, 
and chromatographed overnight in solvent A. After drying, the 
area at the origin where the incubation was originally spotted (2 
sq. cm) was cut out, placed in a sample pan, and counted directly 
in a windowless gas flow counter. Inorganic sulfate (Rp = 0.35), 
PAPS (Rp = 0.42), APS (Rp = 0.49), UDP-GalNAc-S (Rp = 
0.20), and small molecular weight radioactive compounds which 
were formed in the incubation were essentially completely re- 
moved by this procedure from the mucopolysaccharides em- 
ployed. It has been established that counting by this procedure 
is linearly related to the amount of radioactivity in the paper disk, 
and that the efficiency of counting S* in these disks is 35% of 
counting in an infinitely thin layer. To correct for absorption 
by the paper, all radioactivity measurements obtained by count- 
ing paper disks have been divided by the factor, 0.35. A radio- 
autograph of the chromatogram (usually 24 to 48 hours’ exposure 
2 The abbreviations used are: UDP-GalNAc-S, uridine diphos- 


phoacetylgalactosamine-sulfate; PAPS, 3’-phosphoadenosine 5’- 
phosphosulfate; APS, adenosine 5’-phosphosulfate. 
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to Kodak blue brand x-ray film) was frequently made by which and Smith (11). A 10 x 57 cm strip of Whatman No. 3 MM st 

means all the substrates and products of the reaction could be de- _ filter paper was wetted with the buffer, hung up by one end, and WwW 

tected. lightly blotted to remove surface moisture. The incubation mix- W 
Preparation of APS** and PAPS**—The soluble extract of ture, 3.3 ml, was slowly applied with a pipette as a band from 

isthmus (Fraction A), rich in the sulfate-activating system, has edge to edge 9 cm from one end of the strip during about 5 min- ct 

been used in a simplified method for the preparation from S**- utes. One to 2 cm of the end of the strip nearest to the applied al 

inorganic sulfate of PAPS* with specific activity of about 2 x band was placed in the buffer at the cathode and the other end ce 

10° c.p.m. per umole. The incubation mixture contained, in 10 in the buffer at the anode. Negatively charged compounds mi- hi 

ml of a mixed buffer consisting of an equal volume of 0.02 m grated toward the anode during 2 hours of electrophoresis at 750 0 

citrate-phosphate buffer (pH 6.5) and 0.02 m Tris-acetate buffer volts (14 volts per cm). The strip was then removed, allowed to m 
(pH 6.5), 35 umoles of ATP, 20 umoles of MgCl2, 12 mc of carrier- dry, and placed on x-ray film overnight at —18° (to minimize 

free S**-H.SO, (obtained from the Oak Ridge National Labora- hydrolysis) (Fig. 1). A faint ultraviolet-absorbing band, which m 

tory and neutralized with KOH), and 15 mg of protein from Frac- corresponded to the radioactive band containing PAPS*® and (1 

tion A. The amount of PAPS* reached a maximum after a which was much more prominent when the preparation was car- in 

3-hour incubation at 37°. The components of the incubation ried out with 70 umoles of K.SO, replacing carrier-free S*°-inor- m 

mixture were then separated by electrophoresis in a buffer con- ganic sulfate, was occasionally seen. PAPS*> was eluted from fo 

taining equal parts of 0.05 m citrate-phosphate (pH 6.5) and 0.1 the paper strip with water. In a typical preparation 2.6 x 10° 2: 

m Tris-acetate (pH 6.5) in the apparatus described by Markham __c.p.m. of PAPS** were obtained from the three electrophoresis je 
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Fic. la. Ultraviolet absorption print (left) and radioautogram (right) of paper electrophoretic strip used for preparation of PAPS*, Re 

Electrophoretic mobilities are: S*5-inorganic sulfate, 22 cm per hour; PAPS**, 13 em per hour; APS*5, 10.5 cm per hour. The compounds an 

marked X are impurities in the S**-inorganic sulfate employed as substrate. Small dark spots at several points are radioactive markers M 

added for orientation of the film with the paper. 6. Ultraviolet absorption print of paper electrophoretic strip used for preparation of si 


PAPS in the presence of excess sulfate. 
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strips of a 10 ml incubation. Similarly 1.5 107 c.p.m. of APS** 
were eluted from the strips. Identification of these compounds 
was based on the data given in Table I. 

The procedure was developed after careful study of incubation 
conditions and gave maximum yield of PAPS**, The relative 
amounts of PAPS** and APS* were greatly influenced by the con- 
centrations of Mg++ and ATP in the incubation, low ATP and 
high Mg*+ concentrations favoring APS** accumulation (Fig. 2). 
Omission of phosphate from the buffer also favored APS** accu- 
mulation. 

Preparation of UDP-GalN Ac-S**—Four grams of slices of isth- 
mus were suspended in 5 ml of Krebs-Ringer isotonic medium 
(14) (Ca++ and SO, free) containing 1.7 mc of carrier-free S**- 
inorganic sulfate and incubated in a flask with shaking for 90 
minutes at 37°. The suspension was then cooled to 5°, treated 
for 2 minutes in a Virtis homogenizer, and centrifuged at 
24,000 < g for 10 minutes. The clear supernatant fluid was sub- 
jected to paper electrophoresis in 0.05 m Tris-acetate buffer (pH 
6.0) as described for the preparation of PAPS. UDP-GalNAc-S 
(mobility, 12 em per hour), which is present in the slice at high 
concentrations, was easily located by quenching of ultraviolet 
light. The principal radioactive band corresponded exactly to 
this ultraviolet-absorbing band. UDP-GalNAc-S**, 6 x 105 
¢.p.m., was eluted from the paper with water. The specific ac- 
tivity, based on uridine, was 2.1 <X 10°c¢.p.m. per umole. 

Further, the compound was hydrolyzed to UDP and GalNAc- 
S*> by treatment with 0.01 n HCI at 100° for 5 minutes. UDP 
was identified by paper chromatography in Solvents A and B, 
and GalNAc-S* was identified by paper chromatography in Sol- 
vent E and by paper electrophoresis in 0.05 M acetate buffer, pH 
5.2. A single radioactive compound was obtained both with the 
intact and with the hydrolyzed preparations corresponding in 
mobilities to UDP-GalNAc-S and synthetic GalNAc-S (5), re- 
spectively. With the intact preparation, ultraviolet-absorbing 
material and radioactivity coincided in Solvents A, B, C, D, 
and E. 

No PAPS* was observed in the slice experiment. Two other 
diffuse radioactive bands were observed which corresponded to 
polysaccharides in their electrophoretic mobilities (5 and 8.5 em 
per hour) and in having R, values equal to zero on paper chroma- 
tography in Solvents A, B, C, and D. 

Paper Chromatography—Descending paper chromatography 
was carried out on Whatman No. 3 MM filter paper in the follow- 
ing solvents: A, isobutyric acid, 0.5 N ammonia (5:3) (15); B, 
ethanol, 1 M ammonium acetate, pH 7 (7.5:3) (16); C, n-propa- 
nol, ammonia, water (6:3:1) (15); D, n-propanol, 0.1 mM phos- 
phate, pH 6.8 (containing 60 g of ammonium sulfate per 100 ml) 
(2:100) (17); E, n-butanol, acetic acid, water (5:1.5:3.5) (18). 

Nucleotides—UDP-GalNAc-S (3), UDP-glucuronie acid (19), 


and UDP-GalNAc (20) were prepared as described previously. 


Other nucleotides were purchased from Sigma Chemical Com- 
pany. 

Polysaccharides—Generous gifts of polysaccharides are ac- 
knowledged as follows: sodium chondroitin sulfate A (prepared 
from the crystalline calcium salt from bovine tracheal cartilage 
(21)) and chondroitin sulfate B from bovine lung (22) (from Dr. 
Roger Jeanloz), bovine corneal chondroitin and keratosulfate 
and chondroitin sulfate C from chondrosarcoma (from Dr. K. 
Mever) (23), chondroitin sulfate from shark cartilage (24, 25) 
and charonin sulfates (26) (from Dr. F. Egami), and sulfated hep- 
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[ 
Identification of adenosine 5'-phosphosulfate-S*®* and 
3’-phosphoadenosine 5'-phosphosulfate-S* 


Procedure APS?*5 PAPS?*5 
Ultraviolet absorption Adenine Adenine 
spectra? 
Rp values in solvents: A® 0.49 0.42 
B? 0.37 0.11 
C 0.25 0.06 
D 0.33 0.43 
Acid stability of S** in half-life half-life 
0.1 N HCI at 37°¢ 9 min. 9 min. 
Activity as substrate for: 
3’-nucleotidase? inert APS** and 
| formed 
APS-kinase*¢ PAPS*®* formed inert 
p-nitrophenol sulfo- inert p-nitrophenyl S#%5- 
transferase? sulfate formed 


* Ultraviolet absorption spectra between 220 my and 310 my in 
0.01 n HCl and 0.01 n NaOH were obtained with preparations of 
low specific activity (4 X 10° c.p.m. per umole, prepared with 
carrier sulfate added) which had been purified by paper chro- 
matography insolvent B. The spectra corresponded to published 
data for adenine nucleotides. 

>’ APS* and PAPS*> were also prepared with partially purified 
rabbit liver enzymes (9). The compounds had the same R p values 
in solvents A and B and the same electrophoretic mobilities as 
the compounds prepared with oviduct enzymes. 

¢ Acid stability was measured by adding a small amount of 
charcoal after incubation. Charcoal was collected by centrifu- 
gation, washed five times in the cold with 0.05 m Na»SO, in 0.01 Nn 
H.2SO,, and plated for counting. 

4 3’-Nucleotidase from barley (12) was kindly given by Dr. M. 
Friedkin. 

¢ Fraction A was used as a source of APS-kinase and Fraction B 
contained p-nitrophenol sulfotransferase. A partially purified 
p-nitrophenol sulfotransferase from liver was also employed for 
identification (cf. (13)). 


tasaccharide from the liver of a patient with Hurler’s syndrome 
(27) (from Dr. D. Brown). Chondroitin was also prepared by 
chemical desulfation of chondroitin sulfate A (28). Hyfluronie 
acid, glycogen, and heparin were commercial preparations. 

Other Enzymes—Bovine testicular hyaluronidase (Sigma Chem- 
ical Company, 300 units per mg) was a commercial preparation. 
Acetone powder of heparin-adapted Flavobacterium heparinum 
was the gift of Dr. E. Korn, and an extract of this powder was pre- 
pared as described (29). 


RESULTS 


Enzymatic Transfer of Sulfate from PAPS** to Water and Other 
Acceptors—When Fraction B was incubated for 3 hours with 
PAPS* as described below but in the absence of phosphate and 
fluoride, 90 to 95% of the PAPS** was hydrolyzed to inorganic 
sulfate. The reaction was followed by paper chromatography 
of the incubation mixture in solvent A and radioautography of the 
resulting chromatogram. The product of the reaction had the 
Ry of inorganic sulfate and was further identified as inorganic 
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Fic. 2. Effects of ATP and Mg** concentrations on PAPS and APS formation. 
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O 2 4 6 8 
ATP (umoles /mi.) 


Incubation mixtures contained in 50 yl of 0.02  cit- 


rate-phosphate buffer, pH 6.8, 1.1 & 10° c.p.m. S*5-inorganic sulfate, and 0.15 mg of protein from Fraction A. The effect of ATP con- 
centration was determined with 0.1 wmole of MgCl. (2 umoles per ml) added and the effect of Mg++ concentration was determined with 
0.2 umole of ATP (4 umoles per ml) added. After 60 minutes at 37°, the incubation mixtures were subjected to paper electrophoresis, 
compounds were located by radioautography, and paper disks cut out for counting. 


sulfate by its resistance to hydrolysis by concentrated HCl and 
by its rapid, characteristic electrophoretic mobility. However, 
in the presence of 0.01 m fluoride and 0.01 mM phosphate only 1 to 
2% of the PAPS was converted to inorganic sulfate. Qualita- 
tively, the rate of enzymatic hydrolysis of APS* to S**-inorganic 
sulfate seemed faster than that of PAPS**, and, since PAPS* was 
also slowly hydrolyzed to APS** by the enzyme preparation, 
either or both of these compounds might be substrates for the 
sulfatase reaction. Sulfite, 0.01 m, and 0.01 m fluoride inhibited 
the sulfatase to about the same extent as phosphate and fluoride. 
Some nonenzymatic hydrolysis of PAPS*® (usually less than 17) 
also occurred, both during its preparation and during incubation. 

Transfer reactions were demonstrable only in the presence of 
phosphate and fluoride because of the high activity of the PAPS 
sulfatase. When Fraction B was incubated with PAPS**, phos- 
phate and fluoride, at least 8 unidentified compounds were formed 
in addition to inorganic sulfate (Pig. 3). With APS*® as sub- 
strate, inorganic sulfate was the only product detected, 

Since various phenols are substrates for liver phenol sulfotrans- 
ferase, the effeets of addition of p-nitrophenol, tyramine, and ty- 
rosine were examined, With addition of p-nitrophenol or tyra- 
mine, in each case formation of an intense radioactive area was 
stimulated, The addition of tyrosine, however, had no observa- 
ble effect on the reaction products. The spot formed on addition 
of tyramine (fy 0.52 in solvent A) contained approximately 5,400 
¢.p.m.; that formed on addition of p-nitrophenol (R- 0.81) con- 
tained approximately 7,500 ¢._p.m. No further work has been 
done on compounds with Ry greater than 0.5. Their formation 
was reduced and in some cases eliminated by preliminary frac- 
tionation of the system (see below). 

Two radioactive compounds with small chromatographic mo- 
bilities in solvent A, characteristic of nucleotide or oligosaccharide 
sulfates, were also formed in the reaction and are designated a 
(Rp 0.14) and 8 (Rp 0.20). Both compounds were hydrolyzed to 
a new sulfate ester by 0.01 ~ HCl for 5 minutes at 100°. Ex- 
haustive digestion of the acid hydrolysis products of both a and 


B by the incompletely purified hyaluronidase preparation yielded 
a radioactive compound with the chromatographic and electro- 
phoretic mobility of acetylgalactosamine monosulfate (5). The 
amounts of these compounds were greatly increased by the addi- 
tion of boiled enzyme. Further characterization is in progress. 

Although the mobility of UDP-GalNAc-S is identical to that 
of B in solvents A and C, these two compounds can be distin- 
guished by electrophoresis and by paper chromatography in sol- 
vents Band D2 If UDP-GalNAc-S was added as carrier either 
before or after incubation with PAPS*® and then separated by 
chromatography and electrophoresis, no radioactivity was found 
in the UDP-GalNAc-S. Addition of UDP-GalNAc and substi- 
tution of APS*® for PAPS* did not result in incorporation of S*% 
into UDP-GalNAe-S. It is remarkable that, although UDP- 
GalN Ac-S* is the predominant radioactive compound formed by 
slices of isthmus incubated with S*-inorganic sulfate, no trace of 
incorporation has been deteeted by the sensitive methods used 
from APS, PAPS®, or ATP (or an ATP-generating system) plus 
S<anorgamice sulfate with the use of homogenates, Fraction A 
or Fraction 

Enzymatic Transfer of Sulfate from PAPS*” to Mucopolysae- 
charides Although in the experiments described above no radio- 
activity remained at the origin, occasionally a light spot was ob- 
served in this position on the radioautogram. The formation of a 
compound remaining at the origin in solvent A was greatly stimu- 
lated by the addition of several mucopolysaccharides (Fig. 3); 
the formation of the other products, particularly @ and 8, was 
concomitantly reduced. This observation led to development of 
the method described above for measurement of incorporation 
of S*® into mucopolysaccharide. The assay system contained, 
in 50 wl of 0.01 Mm citrate phosphate buffer, pH 6.6, 0.2 mumole 
of PAPS*® (3.8 105 ¢.p.m.), 0.1 umole of MgCls,-1 umole of 
KF, 50 wg of mucopolysaccharide as acceptor, 18 wg of protein 


§ For example, electrophoretic mobilities at pH 6.0 of B,a, UDP- 
GalNAc-S and acetylgalactosamine sulfate are 15, 13.5, 12 and 8.7 
em per hour, respectively. 
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(0.87) 


(0. 81) 
(0.79) 


(0.52) 
(0.49) 


(0.42) 


(0.35) 
(0.31) 
(0.20) 


(0.14) 


(0.00) 
(Re) 


Fig. 3. Radioautogram of chromatogram developed in solvent A showing separation of compounds after 120-minute incubation, A 


incubated with boiled enzyme; B, ineubated in the absence of added acceptor; C, incubated with added acceptor, 
50 wg of a chondroitin sulfate A (ChS-A) preparation, partially digested with hyaluronidase, were employed. 
used as acceptor, the only new compound observed was that which remained at the origin. 


In this experiment 
If undigested polymer was 
It should be noted that spots of maximum 


darkness, particularly in photographs of the x-ray film, may represent very different amounts of radioactivity, 


from Fraction B, and supernatant solution from boiled, centri- 
fuged Fraction B (an amount equivalent, before boiling, to 45 ug 
of protein), and was incubated for 30 minutes at 37°. ‘The 
requirements for PAPS"®, acceptor, boiled supernatant solution, 
and Fraction B have been documented in a preliminary note (1). 
In the absence of Mg*t* the incorporation was reduced about 

A number of mucopolysaccharides served as acceptors in the 
reaction, viz. chondroitin sulfates A, B, or C, chondroitin (pre- 
pared from chondroitin sulfate A by chemical desulfation or 
isolated from bovine cornea), and the sulfated heptasaccharide 
isolated from the liver of a patient with Hurler’s syndrome 
(possibly equivalent to heparitin sulfate) (29a). However, 
glycogen, heparin, keratosulfate, hyaluronic acid, and charonin 
sulfates (low sulfate content or high sulfate content) did not 
stimulate the reaction. The relationship between mucopolysac- 
charide concentration and reaction velocity is shown in Fig. 4. 


It is evident that both maximum velocities and Michaelis con- 
stants differ among the various acceptors. ‘The high Vise with 
chondroitin sulfate C (containing 6-substituted sulfate residues 
(23)) as acceptor as compared to chondroitin sulfate A or chron- 
droitin sulfate B (containing 4-substituted sulfate residues (23)) 
is compatible with data to be presented in the following papers 
(5, 6) that the primary position of sulfation by the oviduct 
enzyme may be at the 4-position of acetylgalactosamine, the 
6-position being sulfated only at a lower rate or perhaps only 
after sulfation of the 4-position. Vinax with corneal chondroitin 
was almost 3 times that with chemically prepared chondroitin; 
the explanation of this difference is not apparent. 

Under the usual conditions of assay (18 ug of enzyme protein, 
30 minutes’ incubation) about 3,000 ¢.p.m. were incorporated 
into mucopolysaccharides (1) or approximately 1°% of S*° from 
added PAPS**, In absolute terms this represents the transfer 


of an extremely small amount of sulfate, about 1.5 wumoles to 


é 
4 
4 
on- 
Sis, = 
ded | 
‘TO- a 
he 
PSs, 
—ChS-A 
ind 
sti- 
by 
of 
od 
lus 
A 
10- 
»b- 
fa 
3); 
as 
of 
on 
gle 
of | 
In 
p- 
8.7 


262 Enzymatic Sulfation of Mucopolysaccharides. I 


\ 


4,000 


$35 Incorporated into Polysaccharide (c.p.m.) 
NO w 


60 80 


9: of Acceptor added to 50 ul. 
Incubation Mixture 


Fic. 4. Relationship between concentration of various accep- 
tors and reaction velocity. The incubation mixture is described 
in the text. The acceptors employed were: 1, chondroitin sulfate 
C; 2, chondroitin from bovine cornea; 3, chondroitin sulfate A; 
4, chondroitin sulfate B; 5, chondroitin prepared by chemical de- 
sulfation of chondroitin sulfate A; 6, heparitin-like heptasaccha- 
ride; 7, chondroitin sulfate from shark cartilage; 8, glycogen, hep- 
arin, keratosulfate, hyaluronic acid, or charonin sulfate. 


about 1 mumole of acceptor, the measurement of which was 
possible only because of the high specific activity of the substrate. 
Neither APS**, p-nitrophenyl S**-sulfate, tyramine S**-sulfate, 
or S**-inorganic sulfate could substitute for PAPS**, 

To obtain a greater percentage of transfer of sulfate from 
PAPS*, an incubation with chondroitin sulfate A as acceptor 
was carried out for 4 hours with a large amount of an ammonium 
sulfate-fractionated enzyme (92 wg of protein) which contained 
little sulfatase activity (see below). After separation of the 
products of incubation by paper chromatography in solvent A, 
the distribution of radioactivity was as follows: (a) in a control 
with boiled enzyme: PAPS*, 378,000 ¢.p.m.; S*-inorganie sul- 
fate, 47,000 ¢.p.m.; and chondroitin sulfate A, 40 ¢.p.m. (amounts 
essentially identical to those found in the substrate itself); (6) 
in the sample: PAPS**, 140,000 c.p.m.; S**-inorganic sulfate, 
42,000 ¢.p.m.; and chondroitin sulfate A, 243,000 ¢.p.m. Thus, 
64% of sulfate from added PAPS* was transferred to acceptor. 
Although this still represents a small net transfer (120 uumoles), 
the experiment insures that the reaction observed was not due 
to a trace radioactive impurity in the PAPS* preparation. 

Identification of Radioactive M ucopolysaccharides—A number of 
procedures have been employed to identify the products formed 
on addition of mucopolysaccharide as radioactive mucopolysac- 
charide. Metachromatic staining with toluidine blue indicated 
that the added mucopolysaccharide, like the radioactive product, 
remained at the origin in solvent A. Appropriate control incuba- 
tions further indicated that small molecular weight S**-labeled 
compounds, such as inorganic sulfate, APS, PAPS, and UDP- 
GalNAc-S, were completely removed from mucopolysaccharides 
by the chromatographic procedure. 

‘A large scale incubation was carried out with chondroitin 
sulfate A as acceptor. The radioactive compound at the origin 
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was eluted from the paper with water, and aliquots were sub- 
jected to various procedures. After paper electrophoresis a 
single radioactive compound was detected on radioautography 
(Fig. 5). This radioactive spot coincided with chondroitin 
sulfate A, located by metachromatic staining. Furthermore, 
the ratio of radioactivity to glucuronic acid (determined by the 
carbazole reaction (30)) in the compound eluted from the electro- 
phoresis strip (54,500 c.p.m. per umole of glucuronic acid) was 
identical to the ratio obtained before electrophoresis (55,800 
c.p.m. per umole). 

Samples were hydrolyzed at 100° in 0.01 n, 0.04 N, and 1 n 
HCI for 10, 60, and 60 minutes, respectively. The hydrolysates 
were taken to dryness under reduced pressure and chroma- 
tographed in solvent A. The phosphosulfate linkage of PAPS 
is rapidly hydrolyzed in 0.01 Nn HCl and N-sulfate linkages (but 
not O-sulfate linkages) are hydrolyzed in 0.04 Nn HCl (31). After 
hydrolysis in 0.01 n HCl no degradation of the radioactive com- 
pound was detected. In 0.04 n HCl degradation products were 
formed with chromatographic mobilities of oligosaccharides. 
Only about 20% of the S** was liberated as sulfate in 0.04 n 
HCl, and in 1 n HCl the compound was hydrolyzed completely 
to inorganic sulfate (Fig. 6). Therefore, the acid stability of 
the radioactive product was that of a sulfate ester. 

Samples were hydrolyzed enzymatically with testicular 
hyaluronidase and with a preparation from Flavobacterium 
heparinum containing both a chondroitinase and a chondro- 
sulfatase. In each case compounds (observed after chroma- 
tography in solvent A) were formed with the mobility of oligosac- 
charides. Inorganic sulfate was formed only with Flavobacterium 
enzyme. Identification of the radioactive oligosaccharides ob- 
tained from testicular hyaluronidase digests is considered in a 
subsequent paper (6). 

In the case of chondroitin the radioactive product had an 
electrophoretic mobility, a few millimeters greater than the 
polymer detected with toluidine blue (Fig. 5). However, this 
product was considerably slower electrophoretically than chon- 
droitin sulfate A or chondroitin sulfate C. This result is com- 
patible with the fact that, although a large amount of radio- 
activity was incorporated into the polymer the net transfer of 
sulfate to polymer was extremely small. Apparently, the 
amount transferred was sufficient to result in a small increase in 
electrophoretic mobility. The products of digestion of this 
radioactive product by testicular hyaluronidase will also be 
considered in a following paper (6). 

The radioactive product obtained from incubations containing 
the heparitin-like heptasaccharide coincided with polysaccharide 
in electrophoretic mobility, and moved slower than the product 
obtained with chondroitin sulfate A as acceptor (Fig. 5). The 
radioactivity was quantitatively converted to S*-inorganic 
sulfate by treatment with 0.1 Nn HCl for 4 hours. Like the 
heptasaccharide, the radioactive product was not hydrolyzed 
by testicular hyaluronidase, but both oligosaccharides and 
inorganic sulfate were formed after incubation with enzyme from 
Flavobacterium heparinum (Fig. 6). Therefore, the observed 
suitability of the heptasaccharide as acceptor could not be due 
to contamination of the heptasaccharide with any sulfated 
mucopolysaccharide susceptible to testicular hyaluronidase 
(chondroitin, chondroitin sulfate A, and chondroitin sulfate C). 

It is clear, therefore, that the radioactive products formed on 
addition of mucopolysaccharide acceptors have properties similar 
to the acceptors themselves. 
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Kia. 5. Paper electrophoresis of enzymatically synthesized radioactive polysaccharides, 
volts for 2.5 hours on Whatman No. 1 paper in 0.05 Mm phosphate buffer, pH. 7.0.) A radioautogram (a) of the electrophoretic strip was 
prepared and the polysaccharides were then located by metachromatic staining with toluidine blue (6). The diffuseness of electropho- 
retic mobility of the heparitin-like heptasaccharide may indicate some heterogeneity of degree of sulfation or of molecular size. ChS-A, 


chondroitin sulfate A. 


ffects of Boiled Enzyme and Nucleotides on Reaction Velocity— 
The stimulation of activity by boiled enzyme (1) suggested that 
some other compound might be essential to the reaction, possibly 
a uridine nucleotide. However, the following compounds added 
alone or in combinations were ineffective, either in replacing 
boiled enzyme or in stimulating activity in the presence of 
boiled enzyme: UDP-glucose, UDP-glucuronic acid, UDP-acetyl- 
glucosamine, UDP-acetylgalactosamine, UDP-GalNAc-S, ATP, 
UTP, CTP, GTP, DPN, and DPNH. UDP-acetylglucosamine 
and UDP-GalNAc-S inhibited the reaction. An amount of 
UDP-GalNAc-S sufficient to produce 50% inhibition (0.02 
umole) was included in an incubation after which 0.1 umole of 
UDP-GalNAc-S was added as carrier. UDP-GalNAc-S was 
then isolated by chromatography in solvent A and electrophoresis; 
it contained no detectable radioactivity. Therefore, free UDP- 
GalNAc-S could not have been an intermediate in the synthesis 
of the radioactive polysaccharide synthesized in this partially 
inhibited condition. 

The observation that boiled enzyme in the absence of added 
acceptor stimulated the formation of a and 8, and that the addi- 
tion of mucopolysaccharide resulted in a striking decrease in the 
amounts of a and 6 formed (Fig. 3) suggested that these unidenti- 
fied compounds might be intermediates in the sulfate transfer 
reaction. However, when a or 8 was substituted for PAPS*® 

\ 
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Mleetrophoresis was carried out at 750 


in the incubation, no formation of radioactive mucopolysac- 
charide occurred. Other experiments suggest that the muco- 
polysaccharide-induced decrease in the amounts of @ and £ is due 
to a competition between several transferases for PAPS*, 

UDP-GalN Ac-S*, isolated after incubation of slices of isthmus 
with S**-inorganic sulfate, and H*-UDP-GalNAc-S, prepared 
by the Wilzbach procedure (32), also did not transfer radioactiv- 
ity to mucopolysaccharides. Since the specific activity of these 
substrates was low (about 10° ¢.p.m. per umole) compared to 
the specific activity of PAPS**, incubations were carried out with 
180 ug of enzyme protein for 4 hours. 

Finally, a number of observations suggest that the effect of 
boiled enzyme is due to stabilization of the enzyme. The effect 
of boiled enzyme was marked only at low enzyme concentrations 
(Fig. 7) where the concentration of protein during incubation 
was about 0.3 mg per ml. At such low protein concentrations 
boiled enzyme had a marked effect on the stability of the enzyme 
at various temperatures. Enzyme incubated under assay condi- 
tions without substrates at —18° for 7 days lost 20% of its 
initial activity in the presence of boiled enzyme and 91% in its 
absence; at 37° for 1 hour, values were 53% loss of activity in 
the presence of boiled enzyme and 95% loss in its absence. Both 
the factor which stimulated activity and the factor which pro- 
tected the enzyme were nondialyzable and were destroyed by 
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S04 
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Fic. 6. Hydrolysis of enzymatically sulfated chondroitin sulfate A (ChS-A) and heparitin-like heptasaccharide. Radioautograms 
of chromatograms developed in solvent A are shown. a, Acid hydrolysis of radioactive chondroitin sulfate A: 1, by 0.01 n HCl; 2, by 
0.04 N HCl; and 3, by 1N HCI. 6, Hydrolysis of radioactive heptasaccharide: 1, by testicular hyaluronidase; 2, by acetone powder ex- 


tract of Flavobacterium heparinium, and 3, by 0.1 N HCl for 4 hours. 


tive spot at the origin of the chromatogram is seen (X = artifact). 


0.01 n HCl at 100° for 5 minutes. The nature of the substance 
has not been investigated further. 

Properties of Enzyme—Purification of the preparation has 
been difficult because of instability of the enzyme and the limited 
amounts of starting material obtainable. About 4-fold purifica- 
tion has been realized by precipitation between 45 and 65% 
ammonium sulfate at pH 5.5, followed by chromatography on 
diethylaminoethy] cellulose with a pH gradient from 7.0 to 5.7 


In unhydrolyzed preparation of both compounds only the radioac- 


in 0.01 m phosphate buffer to elute the enzyme. Enzyme purified 
by ammonium sulfate fractionation did not catalyze any signifi- 
cant hydrolysis of PAPS under the conditions of assay. Yields 
in each step were about 40°; and recombination of fractions 
failed ‘to result in increase in the amount of activity recovered. 


Attempts at purification are being continued. The variation 
of activity of Fraction B with pH and linearity with time of 
incubation and enzyme concentration are shown in Fig. 7. 
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lic. 7. Relationship of reaction velocity to a, time of incubation; 6, amount of enzyme (with and without added boiled enzyme); and 


c, pH of incubation in citrate-phosphate buffer. 


DISCUSSION 


A number of transfer reactions of PAPS have been previously 
identified including transfer to phenols (13), to two different 
types of steroids (catalyzed by separate enzymes) (33), and to 
tyrosine derivatives (34). Preliminary investigation of transfer 
reactions leading to formation of choline sulfate (35), of aryl- 
sulfamates (36), and of cerebroside sulfate (37) have also been 
reported, but the mechanisms of these sulfation reactions have 
not been clarified. 

In previous work on the transfer of sulfate from PAPS to 
mucopolysaccharides in embryonic cartilage extracts (7), a 
transfer of 4% of S** from added PAPS** was demonstrated. 
In appropriately supplemented preparations S**-inorganic sulfate 
and C'-acetate could also be incorporated. No dependence of 
the reactions on added acceptor was demonstrated (presumably a 
consequence of the presence of acceptor in the enzyme extract) 
and the nature of the product formed was not established. Com- 
parison of data suggests that the preparations employed here 
may be of considerably higher activity. In any case, the demon- 
strated transfer of 64% of sulfate from PAPS* eliminates the 
possibility that the observed reaction was due to a trace impurity 
in the PAPS*®* preparation. The reaction had an absolute 
dependence on added acceptor and the radioactive products 
formed were shown to have properties similar to the particular 
acceptor employed. Among the acceptors which were active 
in this system, chondroitin, chondroitin sulfate A, chondroitin 
sulfate B, and chondroitin sulfate C all contain acetylgalactos- 
amine residues, although chondroitin sulfate A and chondroitin 
sulfate B contain acetylgalactosamine-4-sulfate residues whereas 
chondroitin sulfate C is believed to contain acetylgalactosamine 
6§-sulfate residues (23). However, the heparitin-like heptasac- 
charide which was active as an acceptor contains only acetyl- 
glucosamine. This heptasaccharide was obtained in large 
quantity from the liver of a patient with Hurler’s syndrome and 
has not been isolated from normal liver. Although the location 
of the sulfate is unknown, fractions of varying degrees of sulfation 
have been isolated (27). The enzymatic sulfation of these 
materials is being examined in greater detail. It is noteworthy 
that hyaluronic acid, which also contains acetylglucosamine, is 
inactive as an acceptor. 


Incubation conditions are described in the text. 


ChS-A, chondroitin sulfate A. 


Although the transfer of sulfate from p-nitrophenyl sulfate 
to a glucan (charonin sulfate) by extracts of Charonia lampas 
was closely related to the aryl sulfatase content of the prepara- 
tions, it is not certain that the sulfatase participates directly 
in the transfer reaction (8). In the experiments reported here, 
there are several differences between the transfer of sulfate from 
PAPS*® to mucopolysaccharide and the hydrolysis of PAPS* by 
the enzyme preparation. Thus, the pH optimum for sulfate 
transfer was 6.5 and that for hydrolysis was 7.3. The sulfatase 
was greatly inhibited by phosphate and fluoride; however, these 
compounds activated the sulfate transfer reaction due to protec- 
tion of the substrate from hydrolysis. Finally, in some prepara- 
tions sulfate transfer has been carried out in the presence of 
phosphate and fluoride without significant enzymatic hydrolysis 
of the substrate. Whether or not some catalysis of transfer of 
sulfate to water is a property of the enzyme which catalyzes 
transfer of sulfate to mucopolysaccharide is a question which 
can be answered only after extensive purification, but it seems 
probable that the transfer reaction is distinct from the major 
PAPS sulfatase activity of the preparation. 

In the experiments reported here, no data were obtained to 
support the idea that the sulfate transfer reaction being studied 
was a multistep reaction involving the addition of sugar units 
as well as sulfate to the polymer chain. In the following two 
papers, evidence will be presented to support the conclusion that 
the enzyme or enzymes under investigation catalyze a direct 
transfer of sulfate from PAPS to mucopolysaccharides. 


SUMMARY 


1. An enzyme has been solubilized from the isthmus of hen 
oviduct which catalyzes the transfer of S*-sulfate from 3/- 
phosphoadenosine 5/’-phosphosulfate (PAPS) to added muco- 
polysaccharide acceptors. The reaction has an absolute depend- 
ence on added acceptor. A number of mucopolysaccharides, 
including chondroitin, chondroitin sulfates A, B, or C and the 
heparitin-like sulfated heptasaccharide from the liver of a patient 
with Hurler’s syndrome, are active in the system. Sixty-four per 
cent of sulfate from PAPS has been transferred to mucopolysac- 
charide with the preparation employed. 

2. Chemical and enzymatic analysis of the radioactive prod- 
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ucts formed with chondroitin, chondroitin sulfate A, and the 
heparitin-like heptasaccharide as acceptors have shown that a 
different radioactive product is formed in each case and that 
these radioactive products have properties similar to those of 
the acceptors employed. 

3. Despite the presence of uridine diphosphoacetylgalactos- 
amine sulfate in the isthmus, no evidence that there were any 
intermediates in the transfer of sulfate from PAPS to chondroitin 
sulfate A could be obtained. 

4. The isthmus also contains sulfate-activating enzymes. 
These enzymes have been employed in a simplified procedure for 
the preparation of PAPS* from S**-inorganic sulfate. 

5. The preparation employed contains a PAPS-sulfatase and a 
number of other sulfotransferases, including a tyramine sulfo- 
transferase. These reactions have not been fully characterized. 
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In the preceding paper (2), an enzymatic reaction in a prepara- 
tion obtained from the isthmus of hen oviduct was described 
in which S**-sulfate is transferred from 3’-phosphoadenosine 

'-phosphosulfate to several mucopolysaccharide acceptors. 
In considering the mechanism of this sulfation reaction two main 
possibilities have been considered. First, sulfate might be 
transferred to low molecular weight intermediates before incor- 
poration into polysaccharides, e.g. 


> Acceptor-GalN Ac-S* 


Acceptor p-GalNAc-S* 


PAPS*® 


> longer chain length 


UDP-glucuronic acceptor 


acid 
The transfer of monosaccharide units to the polysaccharide 
chain in this manner would be analogous to mechanisms of 
synthesis of several other polysaccharides from uridine nucleo- 
tides. The occurrence of UDP-GalNAc-S! in the tissue from 
which the sulfotransferase was obtained made this mechanism 
very attractive. However, previous attempts to obtain evidence 
for such a mechanism were unsuccessful (2). 
A second possible mechanism would be transfer of S**-sulfate 
directly from PAPS*> to mucopolysaccharide acceptors. 


higher 
Acceptor PAPS*® sulfated acceptor 


Although these possibilities would be difficult to distinguish 
with the use of high molecular weight mucopolysaccharide 
acceptors, it has been possible to distinguish them with monosac- 
charides and low molecular weight oligosaccharides as acceptors. 
These experiments are reported in the present paper. 


EXPERIMENTAL 
Methods and Materials 


Preparation of Sulfated Chondrodextrins from Chondroitin 
Sulfate A—The production of oligosaccharides containing an 


* Present address, Department of General Education, Nagoya 
University, Nagoya, Japan. 

+ Supported by Grant A-1158 from the National Institute of 
Arthritis and Metabolic Diseases. A preliminary account has ap- 
peared (1). 

1 The abbreviations used are: PAPS, 3’-phosphoadenosine 5’- 
phosphosulfate; UDP-GalNAc-S, uridine diphospho-N-acetylga- 
lactosamine sulfate; GalNAc-(4)-S or -(6)-S, N-acetylgalactos- 
amine-(4)-monosulfate or -(6)-monosulfate; GalNAc-diS, 
N-acetylgalactosamine disulfate; GNAc, N-acetylglucosamine. 
Abbreviations for oligosaccharides are indicated in Table I. 
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even number of sugar residues from chondroitin sulfate A by 
digestion with testicular hyaluronidase and of odd numbered 
oligosaccharides by the action of 6-glucuronidase have been 
previously described (3, 4). The following preparative procedure 
was employed: 1 g of chondroitin sulfate A and 100 mg of testicu- 
lar hyaluronidase (Sigma Chemical Company, 300 units per mg) 
were dissolved in 100 ml of 0.025 m acetate buffer, pH 5.0, con- 
taining 0.2% gelatin and 0.4% NaCl. <A few drops of toluene 
were added and the mixture was incubated at 37°. An additional 
100 mg of hyaluronidase were added each 24 hours. After 4 
days, the mixture was boiled for a few minutes. The precipitate 
which formed was removed by centrifugation and discarded. 
The supernatant solution was run onto a column containing 15 g 
of Darco G-60 mixed with 15 g of Celite 535 (3, 4). The column 
was then washed with 140 ml of water. The effluent and wash- 
ings, which contained considerable amounts of free glucuronic 
acid (as evidenced by a positive carbazole reaction, negative 
hexosamine and sulfate analyses, and by the mobility of the 
compound in solvent A), were discarded. The column was then 
eluted with 200 ml of 5% aqueous pyridine. The eluate was 
reduced in volume on a rotating evaporator and then taken to 
dryness over H2SO, in a vacuum. The powder so obtained was 
washed three times with ether and dried. The yield of white 
powder was 0.34 g. 

To separate the oligosaccharides, 20 mg of this powder were 
dissolved in 0.2 ml of water and chromatographed as a band 
on a 25 cm wide sheet of Whatman No. 3 MM filter paper by the 
descending technique in solvent E for 74 hours. Several guide 
strips were cut from the chromatogram and oligosaccharides 
(located at 2.5, 3.5, 5, 7, and 12.7 cm from the origin relative 
to a glucuronic acid marker at 30 cm) were then eluted from 
the remainder of the chromatogram with water (Fig. 1). These 
were identified as the hexa-, penta-, tetra-, tri-, and disaccharide 
sulfates? (see below). The odd numbered oligosaccharides and 
the disaccharide were present in relatively small amount. Large 
quantities of the odd numbered oligosaccharides were obtained 
by incubation of 100 mg of oligosaccharide powder with 10,000 
units of 8-glucuronidase from beef liver (“Ketodase,’’ Warner- 
Chilcott Laboratories, 5000 units per ml) in 4 ml of 0.025 m 
acetate buffer, pH 5.0, for 15 hours at 37° followed by separation 
of the oligosaccharides in solvent E. Bands were observed only 
at 3.5, 7, and 30 cm corresponding to penta- and trisaccharide 
sulfates and glucuronic acid, respectively. The amount of 


2 The trisaccharide disulfate was usually contaminated by a 
small amount of tetrasaccharide monosulfate. These compounds 
could be separated by electrophoresis. 
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Fic. 1. Paper chromatographic separation in solvent E of oligo- 
saccharides obtained by digestion with hyaluronidase (a) of chon- 
droitin sulfate A and (b) of chondroitin. The amounts of a few 
compounds were so small that the color which they formed with 
aniline hydrogen phthalate (5) was not reproduced in the photo- 
graph. These compounds have been outlined by dotted lines. 
The abbreviations for the oligosaccharides are indicated in Ta- 
ble I. 


disaccharide in the powder was very small and no GalNAc-S 
was detected. 

Preparation of Oligosaccharides from Chondroitin—Chondroitin 
was prepared by chemical desulfation of chondroitin sulfate A 
(6). Its residual sulfate content was about 2% (about 10% of 
the theoretical value for one sulfate per acetylgalactosamine). 
Oligosaccharides were prepared as described for chondroitin 
sulfate A. Oligosaccharide powder (1.05 g) was obtained from 
1.5 g of chondroitin. In solvent E, bands were observed at 5.2, 
7.4, 9.3, 13.5, and 25 cm, relative to a glucuronic acid marker at 
30 cm (Fig. 1). These have been identified as hexasaccharide 
monosulfate, hexasaccharide, tetrasaccharide monosulfate, tet- 
rasaccharide, and disaccharide, respectively. By contrast with 

chondroitin sulfate A, no odd numbered oligosaccharides were 
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detected. The trisaccharide and pentasaccharide were pre- 
pared with 6-glucuronidase as described above and had mobil- 
ities of 22.5 and 11.0 cm, respectively. 

Similarly, the di-, tetra-, and hexasaccharides were prepared 
from hyaluronic acid. 

Identification of Oligosaccharides—The amounts of compounds 
obtained by these procedures were very small. For charac- 
terization, analyses for glucuronic acid (GA) (7), galactosamine 
(8), sulfate (9), and reducing end-group value (10) were em- 
ployed. All procedures were modified to a semimicro scale so 
that the final volumes of colored solutions were about 1 ml. For 
these purposes a number of previously characterized oligosac- 
charides for comparison were kindly supplied by Dr. Karl Meyer, 
viz. the tetrasaccharide from hyaluronic acid (GA-GNAc-GA- 
GNaAc), a mixed hexasaccharide disulfate (GA-GalNAc-S-GA- 
GalNAc-S-GA-GNAc) (3), and the sulfated tetrasaccharide from 
chondroitin sulfate A (GA-GalNAc-S-GA-GalNAc-S). The 
analytical data (Table I)’ are in good agreement with theoretical 
values, except in a few cases where only very small amounts of 
material were eluted from the chromatograms. The mobilities 
of the compounds in two solvents and in paper electrophoresis 
are also indicated. The mobilities of the fully sulfated oligosac- 
charides when plotted graphically provide a curvilinear sequence 
of increasing electrophoretic mobilities and decreasing chroma- 
tographic mobilities with increasing molecular size (Fig. 2). 
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Fic. 2. Two dimensional plot of positions of various oligosac- 
charides in paper chromatography and electrophoresis. The ab- 
scissa is plotted on a logarithmic scale in order to indicate more 
clearly the relative positions of compounds with low Ry values in 
solvent E. Compounds indicated by dark circles contain one sul- 
fate per acetylgalactosamine residue. Those indicated by cross- 
hatching contain no sulfate, and intermediate degrees of sulfation 
are indicated by combination of thetwosymbols. The compounds 
employed are indicated in Table I, except for the hexasaccharide 
disulfate (Hexa-2S) which was kindly given by Dr. K. Meyer. 


8 Support for the indicated molecular size assignments was also 
obtained by an observed constancy of reducing end group values 
(cf. (11) for example) when computed on a molar basis. 
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TaBLeE I 
Characterization of monosaccharides and oligosaccharides 

Molar ratios to glucuronic acid Ratio of reducing 

P ti Elect 

reparation Rr? b ectro- d galactosamine® 

Theo- | Experi-| Theo- | Experi- | Theo- |Experi- 
retical | mental retical | mental | retical | mental 
cm. 
GA-GalNAc (Di-08) 0.45 0.84 16.0 1.00 | 1.00 | 0.00 | 0.05 | 1.00 | 0.90 
GalN Ac-GA-GalN Ac (Tri-0S) 0.50 0.75 13.0 2.00 | 1.78 | 0.00 | 0.00 | 0.50 | 0.62 
1A-GalN Ac-GA-GalN Ac (Tetra-08S) 0.25 0.45 21.0 1.00 | 1.04 | 0.00 | 0.00 | 0.50} 0.71 
GalN Ac-GA-GalN Ac-GA-GalN Ac (Penta-0S) 0.27 0.37 16.5 1.50 | 1.33 | 0.00 | 0.00 | 0.33 | 0.46 
GA-GalN Ac-GA-GalN Ac-GA-GalN Ac (Hexa-08S) 0.11 0.25 22.0 1.00 | 1.30 | 0.00 | 0.00 | 0.33 | 0.43 
GA-GalN Ac-GA-GalNAc-S (Tetra-1S) 0.17 0.31 27.0 1.00 | 0.77 | 0.50 | 0.62 | 0.50 | 0.43 
GA-GalN Ac-GA-GalN Ac-GA-GalN Ac-S (Hexa-18) 0.09 0.17 26.5 1.00 | 0.92 | 0.33 | 0.46 | 0.33 | 0.28 
GalN Ac-(4?)S 0.52 0.83 22.5 1.0 | 1.11% | 1.00 | 0.75 
GalN Ac-(6?2)S 0.44 0.83 22.5 1.007 | 1.00% | 1.00 | 0.85 
GalNAc-diS 0.31 0.37 34.0 2.00% | 2.10% | 1.00 

GA-GalNAc-S (Di-18S) 0.30 0.42 28.0 1.00 | 0.75 | 1.00 | 0.96 | 1.00 | 0.90 
GalN Ac-S-GA-GalN Ac-S (Tri-28) 0.19 0.22 30.5 2.00 | 1.87 | 2.00 | 1.87 | 0.50 | 0.42 
GA-GalN Ac-S-GA-GalN Ac-S (Tetra-28S) 0.11 0.16 31.5 1.00 | 1.02 | 1.00 | 1.00 | 0.50 | 0.50 
GalN Ac-S-GA-GalN Ac-S-GA-GalN Ac-S (Penta-38) 0.07 0.10 32.0 1.50 | 1.53 | 1.50 | 1.28 | 0.33 | 0.32 
GA-GalN Ac-S-GA-GalNAc-S-GA-GalNAc-S (Hexa-38) 0.05 0.07 32.5 1.00 | 1.02 | 1.00 | 1.12 | 0.33 | 0.26 


* Estimated by the use of descending chromatography on Whatman No. 3 MM paper for 48 hours. 
>’ Estimated by the use of descending chromatography on Whatman No. 3 MM paper for 72 hours. 
Reiucuronic acid = (Mobility of sample (em)/mobility of glucuronic acid standard (cm) ) 

¢ Estimated on Whatman No. | paper in 0.05 m acetate buffer, pH 5.2, at 14 volts per cm for 2.5 hours. 

4 For these assays, compounds were previously hydrolyzed in a sealed tube with 6 N HCI at 100° for 8 hours. 

¢ Different substances vary in their reducing value relative to a molar equivalent of glucose. The reducing value of the tetrasac- 
charide disulfate was 1.67 times that of glucose. All data presented for oligosaccharides were, therefore, corrected by dividing by the 
factor 1.67. However, the reducing equivalent of GalNAc-S is 0.75, relative either to GalN Ac or to glucose. Since sulfation apparently 
decreases the reducing value, the reducing value of the nonsulfated oligosaccharides may be higher than that of their sulfated homo- 
logues. The reducing end group ratios of the nonsulfated oligosaccharides are high and would be closer to theoretical values if the 


factor 2.23 (7.e. 1.67:0.75) had been used. 
f Ratio of sulfate to acetylgalactosamine. 


Similarly, the even numbered nonsulfated oligosaccharides pro- 
vide a curvilinear sequence. The odd numbered nonsulfated 
oligosaccharides are on a separate line, due to their smaller net 
negative charge. The partially sulfated oligosaccharides are in 
an exactly predicted position between the nonsulfated oligosac- 
charides and the oligosaccharides bearing one sulfate residue per 
acetylgalactosamine residue. These curves would predict that 
oligosaccharides bearing more than one sulfate residue per acety]- 
galactosamine residue, with a high net negative charge, would be 
positioned in this representation on a separate line lying above 
that of the sulfated oligosaccharides derived from chondroitin 
sulfate A. Such compounds have been synthesized enzymati- 
cally and will be described below. 

Preparation of Monosaccharides and Partially Sulfated Mono- 
saccharides—Acetylgalactosamine was prepared from galactos- 
amine (Sigma Chemical Company) by the procedure of Roseman 
and Ludowieg (12). The galactosamine was purified by chroma- 
tography on Dowex 50-H*+ (12) before use. 

Acetylgalactosamine-(4?)-sulfate was prepared by hydrolysis 
of UDP-GalNAc-S in 0.01 N HCl for 10 minutes at 100°. HCl 
was removed by desiccation over NaOH under reduced pressure, 
and the GalNAc-S separated by chromatography in solvent E 
(Reiucuronic acia = 0.83). Data available at the present time 
suggest that this compound is the 4sulfate ester of acetyl- 


galactosamine, although the position of the substituent has not 
been conclusively established. 

Sulfate esters of acetylgalactosamine have also been prepared 
by chemical sulfation of acetylgalactosamine with chlorosulfonic 
acid. The following procedure was employed: a mixture of 30 
ul of chlorosulfonic acid and 77 wl of chloroform was added 
dropwise with stirring to a solution of 100 mg of GalNAc in 
0.75 ml of dry pyridine, while the temperature was kept below 
10°. The mixture was then stirred at room temperature for 1 
hour. After standing for 2 hours longer at room temperature, 
an oil formed which was separated from the upper solvent layer 
and dissolved in 2 ml of water. Saturated Ba(OH)2 was added 
to precipitate inorganic sulfate. Dropwise addition was con- 
tinued until no further precipitate was seen in the supernatant 
solution obtained on centrifugation. The BaSO, was washed 
once with water and the supernatant solution and washings were 
concentrated to 0.2 ml. Fifteen milliliters of ethanol were added 
to precipitate the barium salt of GalNAc-S, and the suspension 
was left overnight at —18°. The barium salt was collected by 
filtration, washed with absolute alcohol and acetone, and then 
dissolved in 3 ml of water. The solution was passed through a 
column of Dowex 50-H*+ (1 x 1 cm) and followed by water. 
The effluent was collected until the pH rose to 5. This effluent 
(5 ml) was then neutralized with 10 N NaOH and taken to dryness 
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Fic. 3. Separations of chemically and enzymatically synthesized acetylgalactosamine sulfated by (a) paper electrophoresis and (6) 


paper chromatography in solvent A. 


over NaOQH-CaCl. under reduced pressure (yield, 50 mg). In 
order to obtain di- and trisulfated acetylgalactosamine the 
procedure was repeated with the use of 5 molar equivalents (0.15 
ml) of chlorosulfonic acid in 7 ml of chloroform-r:iidine. The 
reaction mixture was left at room temperatur: for 20 hours. 
The products so obtained (150 mg as sodium salt) were separated 
by paper chromatography in solvent A. The position of the 
bands eluted in each case together with analytical data and 
electrophoretic mobilities of these compounds are given in Table 
I and Fig. 3. 

Acetylglucosamine was sulfated by the same procedure with 
5 molar equivalents of chlorosulfonic acid. However, acetyl- 
glucosamine was not completely soluble in pyridine and, even 
with excess chlorosulfonic acid, compounds corresponding in 
chromatographic and electrophoretic mobility to the mono-, di-, 
and trisulfates of acetylglucosamine were isolated in the approxi- 
mate molar ratios of 10:5:1. The ease of chemical sulfation of 


acetylgalactosamine compared to acetylglucosamine corresponds 
to its ease of enzymatic sulfation under conditions where acetyl- 
glucosamine is inert (see below). 

Lloyd (13) has recently prepared acetylglucosamine-6-sulfate 
by an unambiguous route, and presented preliminary evidence 
that sulfation with chlorosulfonic acid yielded the same mono- 
sulfate. In any case it will be shown here that GalNAc-S pre- 


pared with chlorosulfonic acid (presumably GalNAc-(6)-S) can 
be distinguished from GalNAc-S prepared by hydrolysis of 
UDP-GalNAc-S (presumably GalN Ac-(4)-S).4 

Incubation of Oligosaccharides and Monosaccharides with M uco- 
polysaccharide Sulfotransferase—Incubations were carried out 
as described in the preceding paper. All acceptors were em- 
ployed at final concentrations of 4 umoles per ml with respect to 
hexosamine content. However, since the rate of sulfation of 
these acceptors was low relative to the rate of polysaccharide 
sulfation, incubations were carried out with 80 ug of enzyme 
protein for 8 hours at 37°. The incubation mixtures were boiled 
for 2 minutes, then spotted on Whatman No. 3 MM filter paper, 
and chromatographed overnight in solvent A. After drying the 
chromatogram was placed against Kodak blue brand x-ray film, 
and kept at —18° for 3to6days. By this means all of the radio- 
active products of the reaction were detected. A control tube, 
incubated without added acceptor, was always included. The 
position of the added acceptor could be located, if desired, by 
heating a slightly moist chromatogram at 130° for 10 minutes. 
All reducing sugars give a light brown spot (with a white fluores- 
cence ‘under ultraviolet light) on a white background when 


4More recently, by chemical methods these isomers have been 
proven to be GalNAc-(4)-S and GalNAc-(6)-S, as indicated (S. 
Suzuki and J. L. Strominger, submitted for publication). _ 
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heated in this manner after chromatography in solvent A. The 
sensitivity is about the same as that of the aniline hydrogen 
phthalate spray. 

If a radioactive spot was detected which did not appear in 
the control tube, incubated without added acceptor, it could 
be eluted from the chromatogram and its chromatographic 
mobility determined in solvent E. The radioactive spot from 
this chromatogram, located by radioautography, could be eluted 
again and its electrophoretic mobility determined in 0.05 
acetate buffer, pH 5.2, at a potential gradient of 14 volts per cm 
for 2.5 hours. 
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Paper :-Chromatography—The solvents employed were: solvent 
A, isobutyric acid, 0.5 N ammonium hydroxide (5:3) and solvent 
E, n-butanol, acetic acid, water {5:1.5:3.5). 


RESULTS 


S*> could be transferred from PAPS* to each of the acetyl- 
galactosamine-containing oligosaccharides and monosaccharides. 
Enzymatic Sulfation of Monosaccharides—Addition to incuba- 
tions of GalNAc and GalNAc-(4?)-S resulted in the formation 
of radioactive products whose chromatographic and electro 
phoretic mobilities were identical to those of GalNAc-(4?)- 


ADDED ACCEPTORS 


Fig. 4. Paper chromatographic separation in solvent A of incubation mixtures containing sulfated oligosaccharides as acceptors. A 
radioautogram of the chromatogram is shown, and the positions of the acceptors (located by the method described in the text) have been 
indicated by the superimposed circles. A control without added acceptor (No. 9) is also shown. The radioactive product obtained 
from GalNAc-S lies just under inorganic sulfate; that obtained from Di-1S is superimposed on 8. ChS-A, chondroitin sulfate A. 
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Fia. 5. Identification of oligosaccharides by paper chromatography and electrophoresis. The mobilities of the radioactive products 


(e.g. those shown in Fig. 4) were determined as described in the text. 


All the compounds employed are shown in this figure which has 


arbitrarily been divided into the odd numbered (a) and even numbered (b) oligosaccharides. The position of the oligosaccharide ac- 
ceptor is indicated by an open symbol and of the radioactive product by an arrow pointing to a black symbol. 


and synthetic GalN Ac-disulfate, respectively (Fig. 3). Further- 
more, GalNAc-(4?)-S (prepared by acid hydrolysis of UDP- 
GalNAc-S) was distinguished from GalNAc-(6?)-S (prepared 
by chemical sulfation of GalNAc) by chromatography for 48 
hours in solvent A (Fig. 3). The mobility of the radioactive 
product obtained by enzymatic sulfation of GalN Ac was identical 
to that of the hydrolysis product of UDP-GalNAc-S. It is 
suggested that both these compounds are GalNAc-(4?)-S (see 
above). 

The two GalNAc-monosulfates can also be distinguished by 
the modified Morgan-Elson reaction. The observed extinction 
coefficients, based on galactosamine, were for GalNAc, €585 mu = 
9,000; for GalNAc-(4?)-S, €585 mu. = 200 (cf. (14)); and for 
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Fic. 6. Relationship between chain length of the acceptor and 
the velocity of sulfate transfer. ChS-A, chondroitin sulfate A. 


GalN Ac-(6?)-S, 6585 mu = 10,000. Substitution of acetylamino 
sugars at the 3-position enhances the color yields, at the 4-posi- 
tion abolishes it, and at the 6-position has no effect on the reac- 
tion (15, 16). 

The only other monosaccharide which acted as an acceptor 
was a-b-galactose 1-phosphate. The radioactive product formed 
in this reaction had Rgtucuronic acia = 0.52 in solvent A. This 
reaction is being investigated further. The following compounds 
did not stimulate the formation of detectable amounts of a new 
radioactive product: glucuronic acid, glucuronolactone, a-p- 
glucuronic acid 1-phosphate, GNAc, a-p-GNAc-1-P, GNAc-6-P, 
GNaAc-1 ,6-diP, glucosamine, galactosamine, glucose, a-p-glucose- 
1-P, glucose-6-P, glucose-1,6-diP, galactose, galactose-6-P, 
mannose, mannose-6-P, UDP-GNAc, UDP-GalNAc, UDP- 
glucose, UDP-glucuronic acid, UDP-galactose, and threonine. 

Enzymatic Sulfation of Oligosaccharides—Addition of each of 
the oligosaccharides derived from chondroitin sulfate A and from 


— chondroitin resulted in formation of a major new radioactive 


product (Fig. 4) with the chromatographic and electrophoretic 
mobility of the next higher sulfated homologue of the oligosac- 
charide (Fig. 5). For example, the radioactive products obtained 
with the tetrasaccharide and tetrasaccharide monosulfate from 
chondroitin as acceptor were chromatographically and electro- 
phoretically identical to tetrasaccharide monosulfate and tetra- 
saccharide disulfate, respectively. The product obtained with 
tetrasaccharide disulfate from chondroitin sulfate A as acceptor 
was located in a position which suggests that it is a higher sulfated 
homologue, 7.e. tetrasaccharide trisulfate. However, this refer- 
ence compound was not available for comparison. 

In several cases traces of other radioactive products were 
formed which were positioned quite close to the major product in 
solvent A (cf. Fig. 4). These products may be isomers of the 
major product (differing perhaps in the location of the radioactive 
sulfate). In no case was a radioactive compound detected which 
corresponded to an oligosaccharide of greater chain length than 
the acceptor. The amounts of radioactive products formed were 
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so small that introduction of two sulfate molecules into a single 
acceptor molecule would be extremely unlikely. 

The tetra- and hexasaccharide prepared from hyaluronic acid 
(which differ from those obtained from chondroitin in the re- 
placement of acetylgalactosamine by acetylglucosamine) were 
inactive as acceptors. A mixed hexasaccharide disulfate (GA- 


GalNAc-S-GA-GalNAc-S-GA-GNaAc) (3) yielded a major radio- 


active product whose position in the chromatographic and 
electrophoretic separation was close to, but not identical with, 
GA-GalNAc-S-GA-GalNAc-S-GA-GalNAc-S. This product 
may be an isomer of the hexasaccharide trisulfate, e.g. GA- 
GalN Ac-diS-GA-GalN Ac-S-GA-GNAc. Substitution of Gal- 
NAc by GNAc does not affect the chromatographic and 
electrophoretic mobilities (e.g. the tetrasaccharide from hyal- 
uronic acid has identical mobilities to the tetrasaccharide derived 
from chondroitin). 

Relate Rates of Enzymatic Sulfation of Monosaccharides, 
Oligosaccharides, and Polysaccharides—The velocity of the reac- 
tion increased with increasing chain length of the acceptor (Fig. 
6). Notable exceptions are the relatively high rates of sulfation 
of the tri- and pentasaccharides from chondroitin. Bovine 
corneal chondroitin was sulfated at the fastest rate of all the 
compounds examined. 


DISCUSSION 


Transfer of sulfate from PAPS** to monosaccharides and 
oligosaccharides containing acetylgalactosamine is, therefore, 
catalyzed by the enzyme prepared from the isthmus of hen 
oviduct. The preparation can catalyze either the introduction 
of a first sulfate residue into acetylgalactosamine as the mono- 
saccharide or contained in oligosaccharides or can catalyze the 
introduction of a second sulfate residue into an acetylgalactos- 
amine already bearing a sulfate residue. These results, obtained 
with radiochemical methods, leave no doubt that sulfate is 
introduced directly into the acceptor without the simultaneous 
addition of monosaccharide units. Further purification of the 
enzyme is being carried out in order to obtain a preparation 
which can catalyze a net transfer of sulfate, and to obtain evi- 


. dence as to whether the two sulfation steps are catalyzed by the 


same or by separate enzymes. The difference in reaction velocity 
of the reaction with the tri- and pentasaccharides derived from 
chondroitin as compared to the reaction with the trisaccharide 
disulfate and pentasaccharide trisulfate from chondroitin sulfate 
A may suggest that separate enzymes or, at least, separate 
binding sites are involved in the two reactions (cf. also discussion 
of Paper III (17)). 

In the following paper (17) data will be presented to support 
the conclusion that the mechanism of sulfation of chondroitin 
and chondroitin sulfate A is the same as that of the model 
acceptors employed here. 

SUMMARY 


1. A study of the mechanism of mucopolysaccharide sulfo- 
transferase has been carried out- with the use of, as model ac- 
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ceptors, acetylgalactosamine, acetylgalactosamine monosulfate, 
and oligosaccharides of varying degree of sulfation derived from 
chondroitin and chondroitin sulfate A. The results leave no 
doubt that the enzyme catalyzes a direct transfer of S**-sulfate 
from S**-3’-phosphoadenosine 5/-phosphosulfate to acceptor. 
The primary sulfation of acetylgalactosamine is catalyzed by 
the preparation as well as the introduction of a second sulfate 
resulting in formation of an acetylgalactosamine disulfate. 

2. The preparation of a series of even and odd numbered oligo- 
saccharides from chondroitin and chondroitin sulfate A is de- 
scribed together with methods for identification of these com- 
pounds. 

3. Acetylgalactosamine has been sulfated chemically with 
chlorosulfonic acid in pyridine and the products compared with 
those obtained by enzymatic sulfation of acetylgalactosamine. 
The enzymatically synthesized product appears to be identical to 
acetylgalactosamine sulfate derived from uridine diphospho- 
acetylgalactosamine sulfate, whereas chemically synthesized 
acetylgalactosamine sulfate can be separated by prolonged paper 
chromatography. It is suggested that these compounds may 
be acetylgalactosamine-(4)-sulfate and acetylgalactosamine- 
(6)-sulfate, respectively. 

4. An acetylgalactosamine disulfate has also been prepared 
with chlorosulfonic acid. This compound has chromatographic 
and electrophoretic mobilities identical to enzymatically synthe- 
sized acetylgalactosamine disulfate. 
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An enzymatic reaction has been identified in the isthmus of 
hen oviduct in which sulfate is transferred from 3’-phosphoaden- 
osine 5’-phosphosulfate to mucopolysaccharide acceptors (1). 
From studies of the reaction with monosaccharides and oligosac- 
charides as model acceptors (2) it was concluded that one or more 
enzymes in the preparations employed catalyze a direct transfer 
of sulfate from PAPS! to the acceptor. Sulfate could be trans- 
ferred to an unsulfated acetylgalactosamine residue with the 
formation of an acetylgalactosamine monosulfate or it could be 
transferred to an acetylgalactosamine monosulfate residue with 
the formation of an acetylgalactosamine disulfate. In the pres- 
ent paper the products of enzymatic sulfation of chondroitin and 
chondroitin sulfate A have been carefully examined in order to 
compare the mechanism of sulfation of these polymers with that 
of the model acceptors. 


METHODS 


The materials and general methods used are the same as those 
employed in the preceding papers. 

Enzymatic Sulfation of Chondroitin and Chondroitin Sulfate A— 
Ten milligrams of sodium chondroitin (containing about 2% sul- 
fate, prepared by chemical desulfation of chondroitin sulfate A) 
or sodium chondroitin sulfate A were each added to a reaction 
mixture containing, in 5 ml of 0.01 M citrate phosphate buffer, 
pH 6.6, 10 wmoles of MgCl2, 100 umoles of KF, 198 xX 10° c.p.m. 
of PAPS*, and 14.5 mg of enzyme protein (Fraction B (1)). Af- 
ter overnight incubation at 38°, the reaction mixtures were placed 
in a boiling water bath for 2 minutes, and then centrifuged. The 
supernatant solutions were chromatographed as 56-cm bands on 
Whatman No. 3 MM paper for 48 hours in solvent A (isobutyric 
acid-0.5 n NH,OH (5:3)). The compounds remaining at the 
origin were eluted with water (yield about 50%) and rechro- 
matographed in solvent E (butanol-acetic acid-water (5:1.5:3.5)). 
The second chromatography was essential to obtain a salt-free 
polysaccharide. The compounds remaining near the origin, were 
again eluted, lyophilized, and dissolved in 0.6 ml of water. The 
yields were 57 X 10° c.p.m. in chondroitin (3% of added PAPS*®) 
and 92 x 105 ¢.p.m. in chondroitin sulfate A (5% of added 
PAPS**). Electrophoresis of these radioactive products yielded 
radioactive bands coinciding to metachromatic staining material 
in the case of chondroitin sulfate A and almost exactly in the case 
of chondroitin (1). No other compounds were detected. 


* Present address, Department of General Education, Nagoya 
University, Nagoya, Japan. 

t Supported by Grant A-1158 from the National Institute of 
Arthritis and Metabolic Diseases. 

1 The abbreviation used is: PAPS, 3’-phosphoadenosine 5’-phos- 
phosulfate. 


Enzymatic Digestion of Radioactive Products—In order to re- 
cover radioactive oligosaccharides, 10 mg of additional chon- 
droitin or of chondroitin sulfate A were added to the radioactive 
products which were then incubated at 38° in 2 ml of a mixture 
containing 50 umoles of acetate buffer, pH 5.0, 2 mg of gelatin, 
8 mg of NaCl, a few drops of toluene, and 2.7 mg of testicular 
hyaluronidase (300 units per mg, Sigma Chemical Company). 
An additional 2.7 mg of hyaluronidase were added at 24 and 48 
hours, and the incubations were stopped after 72 hours. 

The incubation mixtures were boiled for 5 minutes and centri- 
fuged. The supernatant solutions were placed on columns con- 
taining 180 mg of Darco G-60 and 180 mg of Celite 535 (3). The 
columns were then washed with 2 ml of water and eluted with 7 
ml of 5% aqueous pyridine. The yield of crude radioactive oligo- 
saccharides was 26.5 X 105 c.p.m. from S*-chondroitin (46% of 
the radioactivity) and 34.5 * 105¢.p.m. from chondroitin sulfate 
A (38% of the radioactivity). The remainder of the radioactiv- 
ity was retained by the column, and may have represented large 
fragments of the polymers or undigested polymer. 

The crude radioactive oligosaccharides were then chromato- 
graphed as a 15-cm band in solvent A, and radioactive bands were 
located by radioautography. These bands were then eluted and 
rechromatographed in solvent E with glucuronic acid and several 
known oligosaccharides as standards. Radioactive bands were 
located by radioautography and again eluted. Aliquots were 
subjected to paper electrophoresis as described previously. 


RESULTS 


The location of radioactive oligosaccharides and of oligosac- 
charides whose amounts were sufficiently large to be detected 
with aniline hydrogen phthalate (4) are shown in Fig. 1 (oligo- 
saccharides derived from radioactive chondroitin sulfate A), and 
Fig. 2 (oligosaccharides derived from radioactive chondroitin). 
The identification of these compounds, indicated in the figures, 
is based on the correspondence of their position with positions 
previously determined for known oligosaccharides (2), some of 
which were employed as standards. The amount of each com- 
pound was also determined (Table I). The yields of individual 
radioactive oligosaccharides totaled 67 and 50% of the radio- 
activity found in the mixed oligosaccharides from chondroitin 
and chondroitin sulfate A, respectively. The losses occurred in 
the various manipulations. 

It is evident that 99% of the radioactive products derived from 
enzymatically sulfated radioactive chondroitin were oligosac- 
charides containing less than one sulfate per acetylgalactosamine 
residue. Only 1% of the oligosaccharides contained one sulfate 
residue per acetylgalactosamine residue. Most of the radioac- 
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Fic. 1. Paper chromatographic and electrophoretic positions of 
radioactive and of aniline hydrogen phthalate reactive oligosac- 
charides derived from enzymatically sulfated radioactive chon- 
droitin sulfate A. For abbreviations, see ref. (2). 
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Fic. 2. Paper chromatographic and electrophoretic positions of 
radioactive and of aniline hydrogen phthalate reactive oligosac- 
charides derived from enzymatically sulfated radioactive chon- 
droitin. 


tive oligosaccharides actually contained a single sulfate residue, 
and only 5% contained two sulfate residues (hexa- and trisac- 
charide disulfates). Although many of these molecules may have 
originated by enzymatic sulfation of acetylgalactosamine resi- 
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TaBLeE I 
Amount of radioactivity in various oligosaccharides 


From chon- 
droitin sulfate A 


cpm. | 


From chon- 
droitin 


c.p.m. 7o 


A. Compounds containing less than 
one sulfate per acetylgalactos- 
amine 

Trisaccharide monosulfate......... 46 ,000 135,000 
Tetrasaccharide monosulfate....... 220 ,000 
Pentasaccharide monosulfate...... 4 g| 120,000 
Hexasaccharide monosulfate...... 10,000, 
Hexasaccharide disulfate.......... 20 , 000 65 ,000 
Heptasaccharide trisulfate (?)*..... 20 , 000) 


B. Compounds containing one sul- 
fate per acetylgalactosamine 
Acetylgalactosamine monosulfate. . 
Disaccharide monosulfate.......... 22 ,000 
Trisaccharide disulfate............. 60 ,000 
Tetrasaccharide disulfate.......... 440 ,000 
Pentasaccharide trisulfate......... 270 ,000 
Hexasaccharide trisulfate......... 


73.4 1.1 


C. Compounds with high electro- 
phoretic mobility, presumably 
containing more than one sulfate 
per acetylgalactosamine 

Trisaccharide trisulfate (?)........ 370,000 
Tetrasaccharide trisulfate (?)...... 60,000; 22.0 0 
Pentasaccharide tetrasulfate (?)..| 80,000 


* Reference compounds were not available for comparison with 


the compounds indicated by question marks. 


t These percentages are based on the total compounds recov- 
ered after separation of the oligosaccharides eluted from the char- 
coal column. However, it should be noted that large losses oc- 
curred in their preparation (see text). 


dues in the chondroitin chain adjacent to sulfate residues which 
had not been removed by chemical desulfation, the possibility 
that such sequences were formed by transglycosylation during the 
enzymatic digestion cannot be excluded. 

In the case of radioactive chondroitin sulfate A the major 
radioactive products (73.4% of the total) contained one sulfate 
residue per acetylgalactosamine residue. These may have orig- 
inated by enzymatic sulfation of areas in the polysaccharides 
chain where one of the acetylgalactosamine residues was not sub- 
stituted with sulfate. In this connection it may be noted that 
most chondroitin sulfate preparations (about 14% sulfate) con- 
tain less sulfate than the theoretical value for one sulfate per 
acetylgalactosamine (18% sulfate). Of the radioactive oligo- 
saccharides, 4.6% contained less than one sulfate residue per 
acetyl galactosamine. These may have originated from areas in 
the acceptor where two neighboring acetylgalactosamine residues 
were unsubstituted by sulfate. Finally, 22% of the radioactive 
oligosaccharides occupied positions, particularly on paper electro- 
phoresis, which suggest that they contained more than one sul- 
fate residue per acetylgalactosamine. At the present time no 
known oligosaccharides of this type are available for direct com- 
parison with these materials. It should be noted that their elec- 
trophoretic and chromatographic positions exclude the possibility 
that they are sulfated oligosaccharides larger than the hexasac- 
charide. 
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A small amount of acetylgalactosamine monosulfate was 
found in the digest from radioactive chondroitin sulfate A. 
When chromatographed in solvent A for 48 hours (2), the mobil- 
ity of this compound (30 cm) was the same as that of acetyl- 
galactosamine monosulfate derived from UDP-acetylgalac- 
tosamine sulfate by acid hydrolysis. Acetylgalactosamine 
monosulfate prepared by treatment of acetylgalactosamine with 
chlorosulfonic acid moved slower (25.5 cm). 


DISCUSSION 


These results are therefore comparable to those obtained in 
studies of enzymatic transfer of sulfate from PAPS* to mono- 
‘saccharides and oligosaccharides. Apparently, at least two types 
of sulfate transfer to chondroitin and chondroitin sulfate A are 
catalyzed by the preparation, viz. sulfation of an unsubstituted 
acetylgalactosamine residue in the acceptor molecule, and sulfa- 
tion of an acetylgalactosamine monosulfate residue in the ac- 
ceptor molecule. The first of these mechanisms appears to be a 
preferred or, at least, a more rapid reaction. No data are yet 
available to decide whether these reactions are catalyzed by the 
same or by separate enzymes. Also, it may be emphasized that 
the products so far obtained can be analyzed only by methods 
applicable to radioactive compounds. Confirmation of these re- 
sults by measurements of net sulfate transfer would certainly be 
desirable, but can only be accomplished after further purification 
of the enzyme or enzymes. 

The major repeating unit of chondroitin sulfate A is B-1,3- 
glucuronido-N-acetylgalactosamine-4-sulfate (cf. (5)). How- 
ever, it is clear that some of the acetylgalactosamine residues in 
chondroitin sulfate preparations are not substituted by sulfate, 
and the observations reported here suggest that acetylgalactos- 
amine disulfate residues may also occur in some chondroitin sul- 
fate molecules. The proposed structure of chondroitin sulfate 
may, therefore, be only a statistical model of a compound con- 
taining a small number of nonsulfated and disulfated, as well as 
monosulfated, disaccharides. If such “irregularities” are not 
distributed at random, a considerable amount of biological speci- 
ficity could reside within these polymers. 

Several possibilities can be suggested for the physiological role 
of the sulfation reactions described here. If the polymer chain 
is built up stepwise by alternate addition of glucuronic acid and 
acetylgalactosamine residues (or of disaccharide units), sulfate 
might be introduced into each acetyl galactosamine residue im- 
mediately after its addition to the nonreducing end of the growing 
mucopolysaccharide chain. The unusually high efficiency as ac- 
ceptors for the mucopolysaccharide-sulfotransferase of odd num- 
bered oligosaccharides bearing acetylgalactosamine residues on 
the nonreducing end (2) suggests that this possibility deserves 
serious consideration.2, On the other hand, chondroitin itself is 


2 It should also be noted that pentasaccharide monosulfate, the 
major radioactive product obtained from chondroitin, was present 
in very small amount since it did not react with aniline hydrogen 
phthalate. Far less radioactivity was found in tetrasaccharide 
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an excellent acceptor and sulfation might occur only after the 
polysaccharide chain is fully formed. 

The mechanism of formation of the polymer chains of chon- 
droitin and chondroitin sulfate are unknown, as is the metabolic 
role of UDP-acetylgalactosamine sulfate in the isthmus. This 
compound might be involved in the simultaneous addition of 
acetylgalactosamine and sulfate during polymer synthesis. The 
polymer synthesized by such a mechanism might be a special 
sulfated mucopolysaccharide concerned with the formation of 
the inner egg shell membranes. On the other hand, it might be 
chondroitin sulfate A. 

Soda et al. (6) and Utimaru (7) have mentioned the occurrence 
of chondroitin sulfate preparations from shark cartilage contain- 
ing more than one sulfate residue per acetylgalactosamine resi- 
due. The demonstration here of an enzymatic mechanism for 
formation of acetylgalactosamine disulfate residues refocuses 
attention on these observations. Other polysulfated polysac- 
charides have been more completely characterized (8, 9). 


SUMMARY 


Radioactive chondroitin and chondroitin sulfate A were pre- 
pared by transfer of sulfate from S**-phosphoadenosine phospho- 
sulfate, catalyzed by a mucopolysaccharide sulfotransferase prep- 
aration from hen oviduct. Radioactive oligosaccharides were 
isolated by digestion of these products with testicular hyaluron- 
idase and identified. The results were comparable to those ob- 
tained with monosaccharides and oligosaccharides as model ac- 
ceptors and suggest that two types of sulfation occur, wiz. 
sulfation of an unsubstituted acetylgalactosamine residue in the 
mucopolysaccharide acceptor and sulfation of an acetylgalactos- 
amine sulfate residue in the acceptor with formation of acetyl- 
galactosamine disulfate. The significance of these observations 
to the structure and mechanism of formation of sulfated muco- 
polysaccharides is discussed. 
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monosulfate, which represented over 50% of the material reactive 
with aniline hydrogen phthalate. This result is consistent with a 
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selective sulfation of chondroitin chains bearing GalN Ac-residues 
on the nonreducing end. Such chains would yield pentasacchar- 
ide monosulfate on enzymatic digestion. 
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Rat diaphragm muscle has been used almost exclusively for the 
investigation in vitro of skeletal muscle metabolism. However, 
the diaphragm is a specialized muscle adapted to constant activ- 
ity and, with respect to oxygen consumption (1) and oxidative 
metabolism, seems to occupy an intermediate position between 
constantly active heart muscle and intermittently active skeletal 
muscle (2, 3). Histological examination demonstrates that 
diaphragm muscle is covered on both sides by complex meso- 
thelial membranes (4, 5) that have an independent metabolism 
(6). For these reasons it seems that results obtained with dia- 
phragm muscle should not be interpreted as typical of skeletal 
muscle. Therefore a technique for preparing viable muscle fiber 
groups from rats for use in comparison with diaphragm muscle 
in a Warburg apparatus was developed (7). With this technique 
it was found that the glucose uptake of adductor fibers from 
control rats was 81% of the value for the diaphragm, whereas the 
acetoacetic acid uptake was 23% of the value for the diaphragm. 
Both diaphragm and adductor fibers from alloxan diabetic rats 
took up less acetoacetic acid and glucose than diaphragm and 
fibers from control rats. 

In the present study the stimulating effect of insulin on glucose 
uptake, lactate and CO: production, and glycogen synthesis in 
diaphragm muscle and in adductor fiber groups from control 
and diabetic rats has been described. In view of the general 
toxic effect of alloxan, partially pancreatectomized rats were 
used for the diabetic preparation. 


EXPERIMENTAL PROCEDURE 


Female Sprague-Dawley rats, weighing from 180 to 220 g and 
fed on Purina chow, were used in these experiments. Food was 
taken from the rats at 9:00 a.m. At 4:00 p.m. each rat was 
given 6 ml of canned milk by stomach tube and fasted overnight. 
The series of rats made diabetic by removal of about 95% of the 
pancreas had nonfasting blood sugar levels over 200 mg/100 ml 
by the seventh postoperative day and 24-hour fasting blood 
sugars of between 250 and 450 mg/100 ml at the time of the 
experiment (4 to 6 weeks after operation). The pancreatec- 
tomized rats were fed ground Purina chow containing 2% 


* Supported in part by Research Grants A-1157 and A-213 from 
the National Institute of Arthritis and Metabolic Diseases, M-2263 
from the National Institute of Mental Health, National Institutes 
of Health, United States Public Health Service, and by the Muscu- 
lar Dystrophy Associations of America, Inc. 

t Presented in part at the Federation of American Societies 
for Experimental Biology, April 1959. 
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pancreatin. Diaphragms and adductor fiber groups were pre- 
pared and incubated for 135 minutes as previously described (7). 
The percentage dry weights of duplicate samples of adductor 
fiber groups from 10 control rats taken after the soaking period 
and dried to constant weight at 95° were the same (p >0.10), 
indicating that the technique of weighing fiber groups is re- 
producible. The average percentage dry weights of fiber groups 
from control and pancreatectomized rats were also the same, 
17.9%. However, the average percentage dry weights of the 
diaphragms after soaking were different for the two series, 21.3% 
for the controls and 19.5% for the pancreatectomized. Correc- 
tion on the basis of average dry weight made no difference in the 
significance of the data. 

Lactate analyses were done by the method of Barker and 
Summerson (8) with a modification in the precipitation technique 
suggested by Shaw.! Lactate production is defined as the lactate 
in the medium at the end of the 135-minute incubation period 
minus the lactate in the medium after a 15-minute incubation 
(equilibration period). This definition seems to be valid since 
other workers (9) have shown that lactate does not accumulate 
in diaphragm muscle during incubation. Fifteen minutes was 
considered an adequate equilibration period since lactate produc- 
tion was the same (+0.06 mg/g/hour) during the first and second 
hours of incubation (p >0.10, n = 16). Glucose and glycogen 
were determined as previously described (7). It was possible to 
make all the above determinations on each flask. 

For experiments using uniformly labeled glucose-C™, the tissues 
were soaked in Krebs phosphate buffered medium plus 100 mg 
of glucose per 100 ml. ‘The tissues were then transferred to 
Warburg flasks containing 3 ml of medium plus 100 mg of glucose 
per 100 ml (2.25 we of uniformly labeled glucose-C™ per flask). 
The C* activity in the flask was determined by a liquid count 
on an aliquot of 0.5 ml of the medium (10). The glucose uptake 
was calculated from the amount of activity present in the flask 
at the beginning of the experiment minus the activity after incu- 
bation. The uptake was corrected for the C™ lactate produced 
from C™ glucose by the muscle and returned to the medium. 
The C* lactate activity was determined directly on an aliquot of 
0.5 ml of a copper lime filtrate of the medium, on the assumption 
that there were negligible amounts of radioactive derivatives of 
glucose other than lactate (11). The KOH from the center well 
plus 2 rinses (0.2 ml) was counted and the total C“O: activity 
calculated. 


1W. N. Shaw, personal communication. 
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TaBLeE I 
Glucose uptake (mg/g/hr wet weight) by diaphragm and adductor 
muscle fibers from fasted rats. Krebs phosphate 
buffered medium, pH 7.4 


Carbohydrate Metabolism of Skeletal Muscle and Diaphragm 


Medium Control | Depancreatized  esoae 
Diaphragm (5 experiments) 
meg/g/hr me/g/hr 
3.2 + 0.3 3.3 + 0.4| p> 0.10 
+1.3+ 0.3) 42.14 p> 0.05 
Fibers (7 experiments) 
1.34 0.2 0.9+0.1 p< 0.05 
2.1+ 0.3 2.1+ 0.3; p>0O.10 
<0.01 <0.02 
KPGI + HGF*...... 2.0 + 0.3 p>0O.10 
—0.1 + 0.2); 4+0.2+0.2;) p>0O.10 
p* for HGF .......... >0.10 >0.10 


* Krebs phosphate buffered medium plus 150 mg of glucose per 
100 ml. 

> Standard error. 

¢ 0.45 unit per ml of HGF-free insulin. 

¢ Statistical analysis on basis of paired observations. 

¢ 20 wg per ml of insulin-free hyperglycemic factor. 


TaBLeE II 
Glycogen levels (g per 100 g wet weight) of diaphragm and adductor 
muscle fibers from fasted rats in Krebs phosphate 
buffered medium, pH 7.4 


Control 
Medium Control Depancreatized versus de- 
pancrea 
Diaphragm (6 experiments) 
0.26 + 0.03% 0.26 + 0.04 p > 0.10 
0.37 + 0.02 0.46 + 0.03 p < 0.025 
4) Speer +0.11 + 0.02 +0.20 + 0.02 p < 0.005 
<0.005 <0.005 
Fibers (12 experiments) 

0.20 + 0.05; 0.20 + 0.03 |p > 0.10 
0.34 + 0.02 | 0.30 + 0.03 ip > 0.10 
+0.14 + 0.02 |+0.10 + 0.02 ip > 0.10 
<0.01 <0.01 
ES ee 0.41 + 0.03 , 0.50 + 0.05 ip > 0.10 
+0.07 + 0.01 +0.20 + 0.05 ip < 0.01 
<0.005 <0.005 
KPGI + HGF’...... 0.43 + 0.03 | 0.49 + 0.02 p > 0.10 
+0.02 + 0.03 —0.01 + 0.03 
p* for HGF.......... >0.10 >0.10 


¢ Krebs phosphate buffered medium (KP) plus 150 mg of glu- 
cose (G) per 100 ml. 

Standard error. 

¢ 0.45 unit per ml of HGF-free insulin. 

¢ Statistical analysis on basis of paired observations. 

¢ Krebs phosphate buffered medium. 

420 wg per ml of hyperglycemic factor. 
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No differences in the data were considered significant unless 
the p value was less than 0.05. 


RESULTS AND DISCUSSION 


It can be seen in Table I that the glucose uptake of fibers as 
well as diaphragm was lower in the pancreatectomized than in 
the control series. The addition of insulin? caused an increase 
in glucose uptake by both types of muscle (diaphragm and 
adductor fibers) from control and pancreatectomized rats. The 
increase in uptake after addition of insulin was such that the 
final glucose uptakes for control and diabetic muscle were the 
same. Krahl and Cori (12) have reported that insulin added to 
diaphragms in vitro from alloxan-diabetic rats did not restore 
glucose utilization to normal. However, it is possible that their 
results were modified by side effects of the alloxan used to produce 
diabetes (13, 14), especially since they used the rats 3 to 5 days 
after alloxan administration. The average uptake of glucose by 
fibers from fasted control rats was lower than that by diaphragms. 
In previous experiments (7), a difference in ketone body metab- 
olism for the 2 types of muscle was demonstrated. The dia- 
phragm muscle took up almost 4 times as much acetoacetic acid 
as the adductor fibers and apparently the diaphragm reduced a 
third of the acetoacetic acid that disappeared from the medium 
to B-hydroxybutyric acid, but no such reduction could be demon- 
strated for fiber muscle. Reports in the literature on the effect 
of hyperglycemic factor (HGF) on glucose utilization have been 
conflicting (15). In these experiments the addition of HGF in 
the presence of insulin caused no change in glucose uptake (Ta- 
ble I). 

The glycogen levels (0.26 g/100 g) for diaphragms from control 
rats incubated in Krebs phosphate glucose medium were signifi- 
cantly lower than the levels for fibers (0.34 g/100 g) (Table II). 
This difference in glycogen concentrations between the 2 types 
of muscle from the same rat can also be demonstrated in vivo 
(diaphragm 0.33 + 0.01 g/100 g, n = 12, leg muscle 0.55 + 
0.03 g/100 g, n = 12, p <0.005). Glycogen levels in diaphragm 
muscle from control and pancreatectomized rats were the same 
at the end of a 2-hour incubation in Krebs phosphate glucose 
medium. Glycogen values for fibers from control and pan- 
createctomized rats incubated in Krebs phosphate with or with-, 
out glucose were also similar. Our laboratory has previously 
reported that the glycogen levels of leg muscle from alloxan- 
diabetic rats frozen in situ were higher than levels in the control 
series (16). This difference in results obtained in vivo and in 
vitro could be explained by the fact that in vivo the alloxan- 
diabetic rats had high blood sugar values (fasting blood sugar 
over 300 mg/100 ml) as compared to the control animals, whereas 
in vitro the glucose concentrations of the media were the same 
(150 mg/100 ml) for both control and diabetic muscle. Insulin 
caused an increase in glycogen concentrations in both diaphragm 
and fiber muscle, the increase being larger for diaphragm and 
fiber muscle from diabetic animals. Bornstein and Trewhella 
(17), who also used 0.5 unit insulin per ml, found a diminished 
action of insulin on the conversion of glucose to glycogen in 
diaphragms from alloxan-diabetic rats as compared to dia- 
phragms from control rats. In the experiments reported in this 


2 Lilly crystalline insulin free of HGF, courtesy of Dr. C. W. 


Pettinga. 
2 Lilly crystalline hyperglycemic factor (HGF) less than 0.05 


unit per mg insulin, courtesy of Dr. William Bromer. 
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paper the addition of HGF to the medium had no effect on glyco- 
gen levels. 

During the 15-minute equilibration period a considerable 
amount of lactic acid appeared in the medium (Table III). Lac- 
tate production was then measured over the next 2 haurs of 
incubation. Diaphragm from _ pancreatectomized animals 
formed about twice as much lactate as diaphragm from control 
rats. Fibers from either control or pancreatectomized rats pro- 
duced negligible amounts of lactate when incubated for 2 hours 
in Krebs phosphate without substrate. After the addition of 
glucose to the medium a significant amount of lactate was formed. 
As was the case for the diaphragm muscle, fibers from diabetic 
rats produced more lactate than fibers from controls. One may 
postulate that a decrease in activity at the level of the tricar- 
boxylic acid cycle has caused more lactate to appear in the me- 
dium of the diabetic series, because of a decrease in oxidation by 
means of the cycle. The glucose uptakes of diaphragms and 
fibers from diabetic rats were low compared to control values 
(Table I) and the glycogen levels of either diaphragm or fiber 
muscle incubated in Krebs phosphate glucose were the same for 
the control and diabetic series (Table II). 

Few studies have been made on the relationship of insulin 
deficiency to basal blood levels of lactate and pyruvate. High 
lactate values have been reported in 3 pancreatectomized dogs 
(18). Horwitt et al. (19) studied a series of human diabetics, all 
requiring large doses of insulin. Although no abnormally high 
values were reported in either the control or diabetic series, a 
statistical analysis of lactate values shows a difference between 
the levels of 16 controls, 8.3 + 0.5 s.e. mg/100 ml and 11 diabetic 
patients, 12.1 + 0.8 mg/100 ml (p <0.005). 

The addition of insulin increased lactate production by dia- 
phragm or fiber muscle except in the case of diaphragm from 
control rats. These results are in agreement with the generally 
accepted fact that the addition of insulin, either in vivo or to liver 
or diaphragm tissue in vitro, causes an increase in the conversion 
of glucose C to CO, (20, 21) and one might expect this increase 
in glucose oxidation in vitro to be reflected by an increased 
amount of lactate appearing in the medium. Shaw and Stadie 
(11) found no insulin effect on lactate production by diaphragms 
from control rats incubated in phosphate buffered medium with 
the use of somewhat different experimental technique. They 
were, however, able to demonstrate an insulin-sensitive glycolytic 
system in diaphragm muscle incubated in Krebs bicarbonate 
buffered medium (22). In the experiments reported here, the 
increase in lactate production after insulin was 3 to 4 times 
greater in the diabetic than in the control series with both types 
of muscle. The effect of a given amount of insulin on glycogen 
synthesis as well as lactate production was greater in both types 
of diabetic muscle than in control muscle. However, this can- 
not be directly interpreted as a greater sensitivity to insulin in 
the diabetic preparations (23). The tissue from the control rats 
might already be operating near maximum capacity and thus 
have a limited ability to increase its metabolism. However, in 
the case of glycogen the final levels reached with glucose plus 
insulin in the diaphragm are higher for the diabetic series. 
Therefore one might assume that the controls were not reaching 
& maximum glycogen level and that the process glucose to glyco- 
gen was more sensitive in the diabetic muscle. The greater 
accumulation of lactate in the medium of the diabetic than in the 
control series, in the absence of added insulin, has already indi- 
cated the possibility of a metabolic block at the level of the citric 
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TaBLe III 
Lactate production in mg per g wet weight (lactate present in media 
after 135 minutes’ incubation minus that present after 15 
minutes’ tncubation) by diaphragm and adductor 
muscle fibers from fasted rats in Krebs phosphate 
buffered medium, pH 7.4 


Control 
| Control i 
| pancreatized 


Diaphragm (6 experiments) 


Equilibration. ....... 1.65 + 0.45¢| 1.87 + 0.21 P > 0.10 
lactate production (mg/g/hr.) 
0.43 + 0.12; 0.80 + 0.09 ip < 0.02 
ee ere 0.63 + 0.12; 1.63 + 0.15 |p < 0.005 
+0.20 + 0.10 |+0.83 + 0.12 |p < 0.005 
>0.10 <0.005 
Fibers (11 experiments) 
Equilibration........ 1.32 + 0.18 | 1.88 + 0.19 |p > 0.05 
lactate production (mg/g/hr.) 
0.12 + 0.12; 0.11 + 0.08 
0.33 + 0.05 | 0.50 + 0.05 |p < 0.025 
+0.21 + 0.07 |+0.39 + 0.10 |p > 0.10 
4 0.58 + 0.09 | 1.38 + 0.15 < 0.005 
+0.25 + 0.08 |+0.88 + 0.14 Ip < 0.005 
<0.01 <0.005 
KGPI + HGF*...... 0.71 + 0.10} 1.35 + 0.18 jp < 0.05 
| re +0.13 + 0.08 |—0.03 + 0.12 Ip > 0.10 
p? for HGF.......... >0.10 >0.10 


* Standard error. 

’ Krebs phosphate buffered medium (KP) plus 150 mg of glu- 
cose (G) per 100 ml. 

¢ 0.45 unit per ml of HGF-free insulin. 

@ Statistical analysis on the basis of paired observations. 

¢20 ug per ml of hyperglycemic factor. 


acid cycle. The greater increase in lactate production after 
insulin by both types of muscle in the diabetic series as compared 
to that of the control series may be explained by an increase in 
the amount of glucose going to lactate without a corresponding 
increase in oxidation of lactate by means of the tricarboxylic 
acid cycle. This agrees with data of Villee and Hastings (24) 
in which the addition of insulin to diaphragms from control rats 
but not from alloxan-diabetic rats increased the production of 
CO, from glucose. Apparently the decrease in activity at the 
level of the tricarboxylic acid cycle is not immediately reversible 
by insulin added in vitro. No change in lactate production 
occurred after the addition of hyperglycemic factor. 

Table IV shows the results from a series of experiments with 
uniformly labeled glucose-C™. The percentage of C™ activity 
initially in the flask which appeared in the various fractions 
(lactate, COe, glycogen) seemed higher for the diaphragm as 
compared to the fiber series. However, the glucose uptake was 
also higher for the diaphragm and the C* incorporation into 
lactate CO2 and glycogen was proportional to the glucose uptake. 

The average values for glucose uptake, calculated from the 
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activity data, were similar to those in Table I (1.7 mg per g per 
hour for diaphragm and 1.4 mg per g per hour for fibers). The 
addition of insulin apparently increased the glucose uptake of 
diaphragm muscle and also the per cent of activity initially in 
the flask which appeared in lactate, CO2, and glycogen. How- 


TABLE IV 


Comparison of C'* glucose metabolism with and without insulin 
(0.45 units/ml) by diaphragm and adductor muscle fibers from 
fasted control rats, Krebs phosphate buffered medium, pH 7.4, 

plus 100 mg per 100 ml of glucose (2.25 uc of uniformly 
labeled glucose-C4 per flask). All values corrected to 
a wet weight of 200 mg 


-hour ¢€ rimenté initially in flask -h 
activity in 
Glucose uptake® Lactate CO2 | Glycogen 
Insulin? Insulin? 
0 + 0 + 0 + 0 + 
Diaphragm 
23 44 6.5 9.1 De 2.2 11.2 13. 
16 27 8.1 11.7 3.6 6.5 4.6 12.0 
28 41 7.1 12.8 2.5 2.8 2.7 10.2 
Fibers 
12 23 7.1 7.9 1.4 , ae 4.6 6.9 
16 20 7.0 7.6 1.4 2.4 3.5 9.0 
20 29 5.7 7.2 i 3.0 2.7 
16 26 3.9 6.2 1.3 2.4 1.9 7.4 
18 29 4.4 8.9 1.9 3.5 2.7 4 


¢ Correction is made for C'* lactate produced from C™ glucose 
by the muscle and returned to the medium. 
60.45 unit per ml of HGF-free insulin. 


Carbohydrate Metabolism of Skeletal Muscle and Diaphragm 
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ever, the series was too small to be significant. Insulin in- 
creased glucose uptake by the fiber preparation and the percent- 
age of activity appearing in lactate, CO2, and glycogen, the p 
values being <0.05 in every category. The results from the 
uniformly labeled glucose-C™ experiments agree with those from 
the previous experiments. 

Most workers have been unable to demonstrate any specific 
effect of insulin on Qo, of the isolated rat diaphragm, although 
Kerly and Ottaway (9) successfully demonstrated an increase 
in Qo, with insulin using diaphragms from both male and female 
rats. Gourley (25) showed that the O2 uptake of the rat extensor 
digitalis was increased by the addition of lactate or insulin. If 
lactate was already present insulin had no further effect. In the 
experiments reported here, the presence or absence of insulin had 
no effect on the oxygen uptake of the diaphragm muscle (Table 
V), but a state of insulin deficiency produced a decrease in Qo, of 
the adductor fibers, with or without substrate, and the addition 
of exogenous insulin stimulated Qo, of fibers from both control 
and pancreatectomized rats. The difference in the action of 
insulin on the Qo, of diaphragm and adductor fibers cannot be 
explained on the basis of lactate levels since the lactate concen- 
tration in the medium of the control series was not significantly 
different for the two types of muscle (Table III). The results 
reported here are in agreement with previous data (7) showing 
that fibers from alloxan-diabetic rats also had Qo, about 20% 
lower than fibers from control rats whereas the Qo, of diaphragm 
muscle was the same in the control and the diabetic series. 
Richardson et al. (26) reported no difference in Qo, of muscle 
strips from control and pancreatectomized dogs. They did not 
test the effect of the addition of insulin. Davidson and Salter 
(27) reported an increase in oxygen consumption in vivo after the 
administration of HGF. In the experiments reported here, the 
addition of HGF in vitro produced no change in Qo, of muscle. 
However, the Qo, may already have risen to a maximum value 


TABLE V 


Oxygen uptake (pl/mg/hr. wet weight) by diaphragms and adductor muscle fibers from fasted rats in Krebs 
phosphate buffered medium, pH 7.4 ‘ 


1 hour 2 hour 
Diaphragm 
Control Depancreatized d Control Depancreatized d 
KPG:2 1.14 + 0.03 (8)< 1.07 + 0.06 (6) >0.10 1.12 + 0.04 (8) 1.10 + 0.08 (6) >0.10 
KPG + I¢ 1.06 + 0.03 (8) 1.09 + 0.13 (6) >0.10 1.00 + 0.06 (8) 1.04 + 0.09 (6) >0.10 
P¢ for I >0.10 >0.10 >0.10 >0.10 
Fibers 
KP 0.71 + 9.03 (11) | 0.57 + 0.03 (13) <0.01 0.63 + 0.03 (11) | 0.52 + 0.03 (14) <0.025 
KP +G 0.71 + 0.02 (16) | 0.56 + 0.02 (15) <0.005 0.63 + 0.02 (16) | 0.51 + 0.01 (14) <0.005 
P* for G >0.10 >0.10 >0.10 >0.10 
KPG + I 0.79 + 0.02 (16) | 0.62 + 0.02 (19) <0.005 0.72 + 0.03 (16) | 0.57 + 0.02 (19) <0.005 
P¢ for I <0.01 <0.05 <0.01 <0.05 
KPGI + HGF’ 0.78 + 0.03 (10) | 0.64 + 0.03 (13) <0.005 0.72 + 0.03 (10) | 0.59 + 0.04 (14) <0.025 
P* for HGF >0.10 >0.10 >0.10 | >0.10 


* Krebs phosphate buffered medium (KP) plus 150 mg per 100 ml of glucose (G). 


Standard error. 


¢ Number of experiments. 

40.45 unit per ml of HGF-free insulin. 
¢ Statistical analysis on the basis of paired observations. 
4 2 wg per ml of insulin-free hyperglycemic factor. 
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after the addition of insulin, and HGF could produce no further 
increase. 

There are several reasons why we are interested in studying 
the metabolism of adductor muscle fibers. We feel that results 
obtained with constantly active diaphragm muscle are not neces- 
sarily typical of intermittently active skeletal muscle. Further- 
more, it has recently been demonstrated (6) that the mesothelial 
covering of the rat diaphragm maintains an independent metab- 
olism, separate and distinct from the underlying muscle. The 
outer layer of this mesothelial covering is fragile and easily 
damaged. The contribution of this tissue to the permeability 
of the diaphragm has yet to be investigated. De Bodo and 
Altszuler (28) have pointed out that the divergent responses of 
various peripheral tissues to changes in hormonal levels empha- 
size the need for expanding studies in vitro to include other tissues 
besides the diaphragm. Some of the differences between results 
obtained on the entire animal in vivo and on diaphragm muscle 
in vitro may be explained by the investigation of this skeletal 
muscle fiber preparation. The data reported here demonstrate 
that the adductor fiber preparation is suitable for metabolic 
studies. No striking differences were observed between dia- 
phragm and fiber muscle with respect to glucose uptake, glycogen 
synthesis, and lactate and carbon dioxide production in the 
presence and absence of insulin. Further experiments are 
planned to investigate the effects of other hormones on the 
metabolism of diaphragm and adductor fibers. 


SUMMARY 


Both diaphragm and adductor fiber groups from depan- 
creatized rats took up less glucose than diaphragm and fibers 
from control rats. The addition of insulin to any of these muscle 
preparations caused an increase in glucose uptake. 

There was no difference in the glycogen levels of either type of 
muscle incubated in Krebs phosphate medium with or without 
glucose, when the control series was compared to the diabetic 
series. The addition of insulin caused an increase in the glycogen 
levels in all instances. This increase was larger in both dia- 
phragm and fibers from pancreatectomized rats. 

Lactate production by both diaphragm and fibers was greater 
from diabetic than from control rats. The increase in lactate 
after the addition of insulin for both types of muscle was greater 
in the diabetic series. 

Oxygen consumptions of the diaphragm in the control and 
pancreatectomized rats were the same, and the addition of 
insulin produced no change. Fibers from diabetic rats had a 
lower Qo, than fibers from control. Insulin caused an increase 
in Qo, of the fibers in both the control and diabetic series. 

We have been unable to demonstrate any effect of hyper- 
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glycemic factor on metabolism under the conditions of these 
experiments. 


Acknowledgments—The authors are indebted to Dr. J. T. Van 
Bruggen and Mr. Clint Elwood for advice and assistance on the 
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The lymphocytolytic effects of certain adrenal cortical steroids 
on lymphoid tissue (1-4), and the demonstrations (3, 5-7) that 
the lymphocyte is an end cell of adrenal steroid action, are ade- 
quately documented. These data provide the opportunity to 
utilize the lymphocyte as a model cell for studying the general 
question: what is the biochemical basis for the interrelationships 
between steroid hormones and lymphoid tissue? 

Previous reports from this laboratory (8-11) have suggested 
aerobic or anaerobic energy-yielding reactions, or both, as pos- 
sible loci of action of a number of steroids in tissue preparations 
derived from the Murphy-Sturm lymphosarcoma of the rat. A 
preliminary report has been made (12) of current studies with 
the lymphosarcoma which reveal that substrate-level phosphory]- 
ations of anaerobic glycolysis are sites of an action in vitro of 
deoxycorticosterone and of cortisol. 

This paper presents data relating to the influence in vitro of 
DOC’! and of cortisol upon anaerobic glycolysis of glucose, glu- 
cose-6-P, fructose-6-P, and FDP by fortified, cell-free homog- 
enates of the Murphy-Sturm lymphosarcoma. Also described 
are the effects of exogenous yeast hexokinase and of the quantity 
and source of added ATP upon the inhibition, by the steroids, of 
the anaerobic utilization of glucose by the tumor homogenate. 
In addition, a report is made on the possible influence of these 
steroids on the hexokinase activity of rat skeletal muscle and 
lymphosarcoma extracts and on the activity of purified prepara- 
tions of yeast hexokinase. The results suggest that DOC and 
cortisol, possibly in different ways, influence certain of the reac- 
tions that specifically affect the supply of available ATP. 


EXPERIMENTAL 


Preparations and Methods 


Chemicals—ATP, ADP, DPN, TPN, FDP, glucose-6-P, fruc- 
tose-6-P, and P-creatine were obtained from the Sigma Chemical 
Company; Glucostat reagents (for glucose determination) from 
the Worthington Biochemical Corporation; GSH from Schwarz 
Laboratories, Inc. Solutions of acidic substrates and coenzymes 


* This investigation was supported by grants from the Ameri- 
can Cancer Society (P-68), the Damon Runyon Fund for Cancer 
Research (DRG-350 A and B), the National Cancer Institute, 
United States Public Health Service (CY-3154), and the National 
Science Foundation (G-5711). Grateful acknowledgement is also 
made to the Wyeth Laboratories for a grant to the Department 
of Biochemistry. 

1 The abbreviations used are: DOC, deoxycorticosterone; HMP, 
glucose-6-P + fructose-6-P; FDP, fructose 1,6-diphosphate; 
2-PGA, 2-phosphoglyceric acid; EDTA, ethylenediaminetetraace- 
tate; PGA, 2- + 3-phosphoglyceric acids. 


were neutralized to pH 7 with KOH or NaOH before use. Solu- 
tions of K,FDP were prepared from dilute HCl solutions of 
Ba2FDP by removing barium with an equivalent amount of 
K.SOQ, and neutralizing the supernatant fluids to pH 7 with KOH. 
Glass-distilled water was used for all solutions. DOC was a gift 
of the Schering Corporation; cortisol was donated by Merck, 
Sharp and Dohme Company. 

Tumor—The transplantable solid Murphy-Sturm lymphosar- 
coma was carried in 4- to 5-week-old male albino rats of the Holtz- 
man strain. Transplantation of tumor tissue was made subcu- 
taneously by the trocar technique under aseptic conditions. 
Nonnecrotic tissue from 10- to 14-day-old tumors was used for 
both transplantation and preparation of homogenates. 

Enzyme Preparations—Homogenates of tumor tissue (10%) 
were prepared in 0.154 m KCl at 0° in a Potter-Elvehjem type, 
all-glass homogenizer with one 30-second and one 15-second 
excursion at an average pestle speed of 1000 r.p.m.; microscopic 
examination of homogenates after filtration through gauze re- 
vealed the presence of few intact cells. 

For the study of hexokinase activity in extracts of rat skeletal 
muscle and lymphosarcoma, preparations of tissue as described 
by Bacila and Barron (13) were employed. 

Yeast hexokinase preparations (Type III, practical and Type 
V, highly purified and crystalline), obtained from the Sigma 
Chemical Company, were dissolved in either water or 0.05 m glu- 
cose before use. 

Highly purified ADP-P-creatine transphosphorylase, a gift 
from Dr. Henry A. Lardy, was dissolved in either 0.001 m gly- 
cylglycine buffer, pH 7.0, or water, before use. 

Assay of Enzymes—ADP-P-creatine transphosphorylase was 


| assayed according to Kuby et al. (14); the specific activity value 


obtained was 130 umoles of ATP formed per minute per mg of 
enzyme protein. 

Yeast hexokinase was assayed both by the manometric method 
of Colowick and Kalckar (15) and by the procedure of Crane and 
Sols (16) modified to determine the amount of glucose disappear- 
ing (cf. “General Procedures’’) rather than the amount of glu- 
cose-6-P formed. Sigma’s Type V yeast hexokinase showed 
specific activities of 102 umoles of ATP transphosphorylated per 
15 minutes per mg of protein by the former method, and 
94 umoles of glucose disappearing per 15 minutes per mg of pro- 
tein by the latter procedure. Type III yeast hexokinase had a 
specific activity of 26 when assayed according to Crane and Sols 
(16). 

The hexokinase activities of particle-free extracts of rat skeletal 
muscle and lymphosarcoma were determined according to Bacila 
and Barron (13); specific activities were, respectively, 0.33 and 
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0.30 umole of ATP transphosphorylated per 15 minutes per mg 
of protein. 

Glucose 6-P dehydrogenase (Type III, Sigma Chemical Com- 
pany), essentially free of hexokinase and 6-phosphogluconic acid 
dehydrogenase activities, was assayed according to Kornberg and 
Horecker (17); its specific activity was 422 Kornberg units per 
gram where one unit is defined as that amount of enzyme which 
will cause the reduction of 1.0 umole of TPN per minute in the 
presence of glucose-6-P at pH 7.4 and 25°. 

Assay of Glycolytic Actiwity—The basic composition of the me- 
dium used for determination of glycolytic activity in tumor ho- 
mogenates was adapted from that of LePage (18). The medium 
composition and the basic incubation conditions are shown in 
Table I. The system was in general designed so that the con- 
centration of fluoride used inhibits only partially the ATPase 
activity of the preparation, thus providing sufficient ATP for the 
phosphorylation of glucose and of fructose-6-P, and sufficient 
ADP for the ADP-phosphoglycerate transferase reaction. Eno- 
lase is completely inhibited in this system and the release of CO2 
from the KHCOs, resulting from the accumulation of 2-PGA, 
provides for a continuous general evaluation of the rate of gly- 
colysis. DPN regeneration is provided for by excess added py- 
ruvate and endogenous lactic dehydrogenase. Thus, the pa- 
rameters of glycolysis that can be determined readily are P; 
uptake, 2-PGA accumulation, lactate formation and, in certain 
instances, glucose disappearance. Estimation of 2-PGA is in- 
direct, but this acid is the only product sufficiently strong to de- 
compose bicarbonate. When no signs appear in the tables, P; 
values represent uptake; a positive sign indicates net formation. 

The appropriate tables in “Results” will indicate the concen- 
trations of the substrates employed, viz. glucose, glucose-6-P, 
fructose-6-P, and FDP, the concentrations of ATP when non- 
catalytic levels are employed, the composition and concentrations 
of the ATP-generating systems, viz. ADP plus P-creatine plus 
transphosphorylase, and the concentrations of exogenous yeast 
hexokinase. 

When used, DOC and cortisol were added to vessels either as 
aliquots of 3.32 x 10-* m solutions in purified absolute ethanol 
from which the solvent was evaporated with a stream of prepuri- 
fied nitrogen or, in experiments in which propylene glycol did not 
interfere, 1.e. when lactate analyses were not done, as 0.025- to 
0.050-ml aliquots of 2.9 x 10-? m solutions of each steroid in 
propylene glycol. Control experiments established that these 
amounts of propylene glycol had no effect upon the glycolytic 
enzymes. Spectrophotometric analyses of chloroform-ethyl 
ether extracts of steroid-containing incubation media confirmed 
that the concentration, in solution, of the steroids employed cor- 
responded to the amounts added. 

Conventional Warburg apparatus and manometric techniques 
were employed. P; was determined by a modification (19) of 
the Lowry and Lopez procedure (20) immediately after deprote- 
inization of the chilled (0°) Warburg flask contents with ice-cold 
trichloroacetic acid (final concentration, 5%). Lactate was esti- 
mated according to Barker and Summerson (21), and true glue 
cose as described below. : 

General Procedures for Assay of Reagents—ATP, ADP, and 
P-creatine (modifications of (22) and 23)), FDP (24), free GSH 
(25), and glucose-6-P (26), were determined as described in the 
literature. In agreement with the reports of Cooper et al. (27), 
glucose 6-P dehydrogenase was found to be inhibited by trichloro- 
acetic acid or sodium trichloroacetate (pH 7.5). Therefore, 
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TABLE 
Composition of basic homogenate incubation medium and incubation 
conditions for studies of anaerobic glycolysis 
The medium was composed of 0.3 ml of 10% homogenate, equiv- 
alent to 30 mg of lymphosarcoma tissue, wet weight, per flask; 
final volume, including substrates and other additions, 3.0 ml; 
pH, 7.4; gas phase, 95% N 2-5% COz:; incubation time, unless other- 
wise indicated, 60 minutes at 37.5°. 


Component Final concentration 
m X 10°% 
K phosphate buffer, pH, 7.4................. 2.4 


assays for glucose-6-P by the method of Horecker and Wood (26) 
cannot be performed on trichloroacetic acid extracts of incubation 
mixtures, as recently utilized, for example, by Rosenkrantz (28). 
Determination of True Glucose—A modified Glucostat reagent 
(Worthington Biochemical Corporation), prepared in 0.105 m 
phosphate buffer, pH 7.15, contained 0.1% (volume for volume) 
Triton X-100 (Rohm and Haas), 1% (volume for volume) meth- 
anol, and o-dianisidine, glucose oxidase, and horse-radish per- 
oxidase, 0.10, 1.2, and 0.05 mg per ml, respectively. Of the 5% 
trichloroacetic acid tissue extracts (containing 0.005 to 0.100 
umole of glucose), 0.10-ml aliquots added to 3.0 ml of Glucostat 
reagent (final pH 6.95) were incubated for 60 minutes at 37°. 
Addition of 0.40 ml of 0.6 nN H.SO, terminated the reaction; op- 
tical densities of the resulting yellow solutions (stable for at least 
2 hours) were determined at 450 my, the wave length at the 
absorption maximum of oxidized o-dianisidine. A standard 
curve was simultaneously prepared using 0.10-ml aliquots of 
standard solutions of glucose in 5% trichloroacetic acid. 


RESULTS 

Properties of Glycolytic Systems in Lymphosarcoma Homogenates 

Preliminary to studies involving steroids, it was necessary to 
define certain of the properties of the glycolyzing systems. The 
data of Table II demonstrate that the lymphosarcoma homog- 
enates have a greater capacity to produce 2-PGA and lactate 
from FDP, fructose-6-P, and glucose-6-P than from glucose; such 
data indicate that in the present system the hexokinase reaction 


TABLE II 
Comparison of some hexoses as substrates for glycolysis 


Basic conditions and basic medium (Table I) plus glucose, 10.0 
mM; glucose-6-P, fructose-6-P, and FDP, each 2.0 mm. 


Substrate 2-PGA Lactate APi ‘Lactate/APj 
pmoles/hr | pmoles/hr | wmoles/hr 
Glucose-6-P............. 7.27 8.20 4.30 1.9 
Fructose-6-P. 6.56 7.60 3.80 2.0 
9.90 9.52 0.35 27 
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was a rate-limiting reaction. With glucose as substrate (Table 
II), an equivalence is apparent between 2-PGA, lactate, and P; 
uptake values, and ratios of lactate formation to P; utilization are 
approximately unity, in accordance with theory. However, 
with HMP as substrate (Table II), although 2-PGA and lactate 
values are equivalent, net P; uptake values are half those seen 
for triose formation. With FDP as substrate (Table II) an 
equivalence existed only between 2-PGA and lactate values; 
net P; uptake values were always substantially lower and, occa- 
sionally, a net P; gain wasseen. Unpublished experiments reveal 
a proportionality, in the case of each hexose examined, between 
substrate concentration and the extent of glycolysis. 


TaB_eE III 
Effect of yeast hexokinase on level of glycolysis by tumor homogenate 


Basic conditions and basic medium plus glucose, 3.33 mM; crys- 
talline yeast hexokinase (Sigma Type V) as indicated. 


Hexokinase 2-PGA | Lactate | AP; Glucose 
pmoles/hr 

160 0.37 0.47 | 0.80 1.40 

32 1.80 1.85 

16 4.95 4.77 | 5.60 2.50 

8 6.29 6.00  — 6.10 3.00 

4 5.19 2.38 

2 4.47 4.08 | 3.95 2.08 

1 4.02 3.65 | 3.50 1.65 

0 3.49 3.50 3.60 1.58 


TaBLeE IV 
Effect of ATP on the extent of glycolysis 


Basic conditions and basic medium (except for ATP) plus glu- 
cose, 3.33 mm; ATP as indicated. 


ATP | 2-PGA | Lactate | AP; | Glucose 
| pmoles/hr 

2.50 
| | | 3.40 


TABLE V 
Glycolysis in presence of ATP-generating system 
Basic conditions and basic medium without ATP but with ADP, 
P-creatine, and glucose, each 3.33 mM; transphosphorylase and 
incubation times as indicated. 


pon tee Time | 2-PGA | Lactate | SP; | Glucose 
min. pmoles 

5.91 | 8.00 4.55 

| @O | 11.24 9.15 | 11.87 8.40 

5.09 | 7.82 4.40 
7.85 | 10.91 6.75 

| @ 9.98 8.65 11.43 8.30 

0.30 5.02 7.00 4.30 

| a 6.85 | 6.85 10.70 6.35 

60) 9.92 | 8.15 11.44 8.00 


| 


| 
| 


Vol. 235, No. 2 


A partial explanation for the net gain of P; by the medium 
(or, more properly, the lack of net P; uptake) when FDP was the 
substrate (Table II) was seen in the FDPase activity of lympho- 
sarcoma homogenates. In unpublished experiments with dia- 
lyzed and undialyzed lymphosarcoma homogenates, it has been 
found that up to 3.5 wmoles of FDP could be hydrolyzed during 
60 minutes of incubation at 37.5°. In agreement with previous 
investigations with liver (29), magnesium-activated FDPase ac- 
tivity in lymphosarcoma homogenates was increased by the pres- 
ence of fluoride ions. However, in contrast to liver systems (29), 
lymphosarcoma preparations formed no free glucose from FDP, 
indicating an absence of glucose 6-phosphatase activity. 

Table III contains the results obtained when varying amounts 
of crystalline yeast hexokinase were added to a glucolyzing tumor 
homogenate. At the optimal concentration of hexokinase, 8 ug 
per ml, the utilization of glucose for glycolysis approached the 
efficiencies seen with HMP in the absence of supplementary 
hexokinase (cf. Table II). This suggests that a relatively low 
level of endogenous hexokinase was present in the tissue prepara- 
tions. Concentrations of hexokinase greater than optimal in- 
hibited all four parameters of glycolysis, but in such instances 
considerably less than 2 moles of triose appeared per mole of glu- 
cose disappearing. 

The basic system (Table I) contains only catalytic amounts 
of ATP. The data of Table IV show the results obtained when 
higher concentrations of ATP were present initially. As the 
quantity of ATP approached stoichiometric levels (10 umoles) 
the extent of glycolysis from glucose far exceeded that seen when 
the hexose phosphates served as substrates (cf. Table II). 
However, with 10 uwmoles of ATP present, considerably more 
glucose disappeared than could be accounted for as triose; obvi- 
ously, the remaining glycolytic reactions then became rate-limit- 
ing. 

Further evidence that glycolytic regeneration of ATP exerts a 
control on the rate of the hexokinase reaction in tumor homog- 
enates is provided by the data of Table V. In these experi- 
ments, the rate of glucolysis was followed in a homogenate system 
in which near-stoichiometric amounts of ATP were generated by 
an exogenous ADP-P-creatine-transphosphorylase couple. It is 
evident that such systems increased both the rate and degree of 
glycolysis to high levels. It should be noted that, in experiments 
not recorded here, 60-minute values for glucolysis, comparable to 
those reported in Table V, were obtained with amounts of puri- 
fied transphosphorylase varying from only 0.5 to 10 ug. 

Rates of disappearance of glucose, in particular, and rates of 
glycolysis, in general, can be increased greatly by addition of 
exogenous hexokinase plus an ATP generating system. Table 
VI shows the data obtained when yeast hexokinase was added 
to the glucolyzing tumor homogenate in which near-stoichio- 
metric amounts of ATP were generated from ADP and P-crea- 
tine by the specific transphosphorylase. In the presence of 
added hexokinase the maximum amount of glucose disappear- 
ance was reached after only 15 minutes of incubation. In addi- 
tion, the rates of triose formation and P; uptake were increased 
considerably. 


Effects of Cortisol and DOC on Glycolytic Systems 


Anaerobic utilization of glucose, glucose-6-P, fructose-6-P, and 
FDP by lymphosarcoma homogenates was examined in the pres- 
ence of cortisol; the results are shown in Table VII. It is ap- 
parent that glycolysis of glucose, but not of HMP or FDP, was 
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TABLE VI 


Effect of hexokinase on glycolysis in presence 
of ATP-generating system 
Basic conditions and basic medium without ATP, but with 
ADP, P-creatine, and glucose, each 3.33 mm; transphosphorylase, 
6.7 wg per ml; yeast hexokinase (Sigma Type V), when pres- 
ent, 8.0 ug per ml; incubation times, as indicated. 


Time Hexokinase 2-PGA | Lactate SP; | Glucose 

min. umoles 
15 _ 0.41 4.24 7.18 3.75 
+ 4.62 6.47 10.74 8.15 
30 _ 5.28 6.47 9.20 6.30 
+ 10.10 7.57 12.76 8.35 
45 _ 8.78 6.87 11.56 7.85 
+ 10.70 7.82 13.66 8.35 
60 _ 10.20 7.67 12.30 8.35 
+ 10.85 8.27 14.40 8.35 

TABLE VII 


Effect of cortisol on glycolysis by lymphosarcoma homogenates 
Basic conditions and basic medium plus glucose, 10.0 mM, glu- 


-cose-6-P, fructose-6-P, or FDP, each 2.0 ma; cortisol, 0.44 mM. 


| 
Substrate Cortisol | 2-PGA | Lactate AP; oe 
pmoles/hr 

Glucose 2.93 3.02 
+ 1.81 1.74 1.64 1.1 

Glucose-6-P — 7.31 7.49 3.40 32.32 
+ 7.20 7.09 3.40 2.1 

Glucose + glucose- — 8.29 4.88 5.60 0.9 
6-P + 7.72 4.88 5.80 0.9 
Glucose = 3.32 3.25 3.20 1.0 
+ 2.22 2.15 1.80 1.2 

Fructose-6-P — 5.75 4.79 3.08 1.6 
+ 5.95 4.63 3.20 1.5 

Glucose + fructose- a 9.21 5.89 5.60 1.1 
6-P + 8.92 5.79 6.00 1.0 
Glucose _ 4.28 4.10 3.78 1.1 
+ 2.95 2.82 1.90 1.5 

FDP 8.07 8.25 0.76 10.8 
8.46 8.76 0.84 10.4 

Glucose + FDP _ 10.36 9.73 4.23 2.3 
+ 10.04 9.73 4.48 2.2 


inhibited by the steroid. However, the data also reveal that 
with combinations of substrates, not only were the parameters 
of glycolysis the approximate sum of the values obtained when 
each substrate was examined alone, but the presence of supple- 
mentary hexose phosphate negated the cortisol inhibition of glu- 
colysis. The equivalence among 2-PGA, lactate, and P; uptake 
values when glucose alone was the substrate was evident only in 
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TaB_Le VIII 
Effect of cortisol and DOC on hexokinase activity 
Enzyme preparation | Steroid 
| 
| mM 
Lymphosarcoma extract (13)* 0.00 0.39% 


cortisol 0.36 0.29 


Skeletal muscle extract (13) | 0.00 
cortisol 0.06 0.35 

cortisol 0.15 0.29 

cortisol 0.30 0.30 


Yeast hexokinase (Sigma, Type 0.00 | 176° 
V) (15) - eortisol 0.36 168 
DOC 0.36 171 
Yeast hexokinase (Sigma, Type | 0.00 94 .0¢ 
V) (16) DOC 1.45 92.4 
DOC 2.90 90.1 
Yeast hexokinase (Sigma, Type 0.00 26.0 
III) (16) DOC 1.45 26.0 
| DOC 2.90 24.6 
* Numbers in parentheses are bibliographical reference for the 
assay method. 
> umoles of ATP transphosphorylated per 15 minutes per mg of 
protein. 


¢yumoles of glucose phosphorylated per 15 minutes per mg of 
protein. 


the absence of cortisol; in the presence of the steroid, ratios of 


lactate formation to P; uptake were greater than unity. When 


HMP was the substrate, either in the absence or presence of 
cortisol, there was an equivalence only between the lactate and 
2-PGA values; P; uptake values were considerably lower. The 
results with FDP in the presence of steroid were similar to those 
obtained without steroid (cf. Table II). 

Data of the type just described suggested the hexokinase reac- 
tion as a point of action of cortisol. Bacila and Barron (13) 
reported the inhibition by cortisol (0.28 mm) of the hexokinase 
activity of extracts of rat skeletal and heart muscle, but not of 
extracts of Gardner’s mouse lymphosarcoma, rabbit brain, or 
yeast; hexokinase activity in rat skeletal muscle extracts was 
also inhibited by DOC (0.28 mm). Moreover, Rosenkrantz (28) 
has recently reported inhibitions of up to 60°% of the activity of 
yeast hexokinase (Type III, Sigma) by concentrations of DOC 
(2.88 mm) which were beyond the limits of solubility of the steroid. 
The experiments of Bacila and Barron and of Rosenkrantz have 
been repeated in this laboratory with extracts of rat lymphosar- 
coma and skeletal muscle and with hexokinase (Types III and V, 
Sigma), by means of assay methods described in the ‘‘Experi- 
mental” section and referred to in Table VIII. As the data of 
Table VIII indicate, neither cortisol nor DOC, in concentrations 
up to and beyond the limits of their solubilities, affected hexo- 
kinase activities. 

As an explanation for the cortisol inhibition of hexokinase ac- 
tivity observed in muscle extracts, Bacila and Barron suggested 
(13) that combination occurred between the sulfhydryl groups of 
hexokinase and the 3-keto group of the steroid. The spectro- 
photometric evidence presented (13) for a combination between 
a model sulfhydryl compound, GSH, and cortisol in aqueous solu- 
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tion could not be confirmed in this laboratory under a variety 
of experimental conditions. Furthermore, analyses of GSH- 
steroid mixtures for free GSH revealed no decrease, as reported 
by Bacila and Barron (13), in concentration of GSH as might 
have resulted had combination between cortisol and GSH 
occurred. 

Rapkine (30) has reported that GSH protects glycolytic en- 
zymes, and Geiger (31) observed that GSH stimulated anaerobic 
glycolysis. Furthermore, mammalian hexokinase is inhibited by 
sulfhydryl reagents and reactivated by cysteine (32). Studies 
were conducted of the effects of GSH on the steroid inhibition 
of glucolysis with the view of examining the possibility that corti- 
sol might inhibit utilization of glucose by lymphosarcoma ho- 
mogenates by combining with the sulfhydryl groups of endogenous 
hexokinase. These studies, for which data are not presented, 
demonstrated that the inhibition of glucolysis by cortisol was un- 
affected by the presence of GSH. 

If the cortisol inhibition of glucolysis is localized at the hexo- 
kinase reaction, addition of exogenous hexokinase might be ex- 
pected to overcome the inhibition. The data of Table IX indi- 


TaBLeE IX 
Effect of added yeast hexokinase on cortisol 
inhibition of glucolysis 
Basic conditions and basic medium plus glucose, 3.33 mm; where 
present, yeast hexokinase (Sigma, Type V), 8 ug per ml, and cor- 
tisol, 0.22 mm. 


System | 2-PGA | Lactate AP; | Glucose 
| pumoles/hr 
3.96 | 3.77 3.25 1.75 
Control + cortisol........... 2.17 | 2.47 1.70 | 1.40 
Control + hexokinase.......; 5.12 4.88 5.15 3.10 
Control + cortisol + hexo- | 


TABLE X 
Effect of DOC on glycolysis by lymphosarcoma homogenates 


Basic conditions and basic medium plus glucose, 10.0 mm, and 
glucose-6-P, fructose-6-P, or FDP, each 2.0 mm; DOC, 0.44 mm. 


Substrate DOC | 2-PGA | Lactate | AP; we” od 
umoles/hr 
Glucose _ 4.11 4.88 4.65 1.1 
+ 0.76 1.88 0.10 18.8 
Glucose-6-P _ 7.72 8.70 5.30 1.6 
+ 4.38 5.28 3.90 1.4 
Fructose-6-P _ 6.56 7.60 3.80 2.0 
+ 4.00 5.50 3.10 1.8 
FDP _ 6.91 7.00 0.69 | 10.0 
+ 6.43 6.90 0.70 9.9 
4.69 4.46 0.00 
+ 0.41 1.14 +1.50 


* In this experiment, ATP was not present in the basic medium, 
which was preincubated with homogenate plus DOC for 20 min- 
utes at 37° before addition of substrate and ATP (0.33 mm). 
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cate that this is not the case. On both an absolute and a relative 
basis, the cortisol inhibition of the four parameters of glucolysis 
was unimpaired by supplementation of the lymphosarcoma ho- 
mogenate with yeast hexokinase. 

In contrast to the inhibition pattern produced by cortisol, are 
the data obtained with DOC. As indicated in Table X, the 
utilization of HMP as well as of glucose was inhibited by DOC, 
and the extent of the inhibitions was considerably greater than 
that seen with equimolar concentrations of cortisol (cf. Table 
VII). The inhibition of HMP utilization was approximately 
half that of the inhibition of glucolysis; this could reflect the rela- 
tive ATP requirements for glycolysis from each of these 
substrates. The behavior of DOC with FDP in this system 
(Table X) is unique, in that, a 20-minute preincubation of the 
steroid with the enzyme system in the absence of substrate and 
ATP, was required in order to elicit an inhibition of FDP utiliza- 
tion; no preincubation was necessary with glucose or HMP as sub- 
strates. With cortisol and FDP (Table VII), unpublished ex- 
periments reveal that a preincubation period did not influence 
glycolysis. It should also be noted that the DOC-FDP prein- 
cubation effect was also evident when ADP was added as phos- 
phate acceptor in place of supplementary ATP. 

A study was made of the effect of added hexokinase on the in- 
hibition, by DOC, of glucolysis by lymphosarcoma homogenates. 
The data of Table XI reveal that supplementation with optimal 
concentrations of yeast hexokinase (cf. Table III) failed to re- 
verse or influence the steroid effect which, it might be noted, was 
proportional to DOC concentration. These observations pro- 
vide additional evidence to support the view that DOC, as well 
as cortisol, does not directly affect the hexokinase of lymphosar- 
coma /homogenates and indicate that DOC may exert its effects 
by influencing the supply of ATP available for the hexokinase 
reaction. The following experiments were designed to examine 
this thesis. 

In Table XII are shown the data obtajned when, to a homog- 
enate system metabolizing glucose, additions of ATP were made 
ranging in concentration from a catalytic level (0.33 mM), as in 
the basic medium (cf. Table I), to a stoichiometric level (3.33 
mM), and the effects of DOC on these systems were examined. 
Steroid inhibitions of 2-PGA and lactate formation and glucose 
disappearance were evident even at the higher ATP concentra- 
tions, but such inhibitions apparently decreased with increasing 
ATP concentration. The P; uptake data do not follow this 


TaBLe XI 
Effect of added hexokinase on DOC inhibition of glucolysis 


Basic conditions and basic medium plus glucose, 3.33 mm; 
where present, yeast hexokinase (Sigma, Type V), 8 wg per ml; 
DOC as indicated. 


System DOC 2-PGA | Lactate | OP; | Glucose 

| mM pmoles/hr 
Control _ 0.00 3.32 3.20 3.23 2.38 
0.11 2.97 2.74 2.26 1.80 
0.22 2.35 2.30 1.80 1.45 
0.44 0.98 1.15 0.76 1.10 
Control + hexoki- | 0.00 5.65 4.80 5.26 3.40 
nase 0.11 4.59 4.05 4.10 2.85 
0.22 3.42 3.45 3.10 2.25 
0.44 2.11 2.04 1.36 1.65 
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TABLE XII 
Effect of DOC and concentration of ATP on glucolysis 
Basic conditions and basic medium (except for ATP) plus glu- 
cose, 3.33 mm, and ATP as indicated; where present, DOC, 0.44 
mM. Values in parentheses refer to percentage of inhibition com- 
pared to controls without DOC. 
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TaBLeE XIII 
Effects of source and quantity of ATP on 
DOC inhibition of glucolysis 
Basic conditions and basic medium (except for ATP) plus glu- 
cose, 3.33 mm; where present, DOC, 0.44 mM; other additions as 
noted below table. 


ATP DOC 2-PGA Lactate AP; Glucose 
mM umoles/hr 
0.33 _ 5.02 5.92 4.70 2.50 

+ 1.45 (71) 1.30 (78) 0.90 (81) | 0.60 (76) 
0.67 - 6.36 6.97 5.50 3.40 

+ 1.79 (72) 1.81 (74) 0.90 (84) 1.50 (56) 
1.67 _ 9.90 8.47 5.70 6.20 

+ 3.65 (63) | 2.53 (70) | +0.40 (100) | 3.45 (44) 
3.33 _ 13.80 10.50 4.30 8.90 

+ 7.34 (45) 3.67 (65) | +3.20 (100) | 6.10 (31) 


pattern; that is, at the higher ATP concentrations DOC ap- 
parently completely inhibited net P; uptake. 

The extent and rate of glucolysis by lymphosarcoma homog- 
enates can be controlled by regulating the generation of ATP 
from exogenous ADP, P-creatine and ADP-P-creatine transphos- 
phorylase (cf. Table V). This generation is, of course, super- 
imposed upon the regeneration of ATP normally provided by 
endogenous glycolysis. The effect of an exogenous ATP generat- 
ing system on the DOC inhibition of anaerobic glucolysis was 
compared with systems in which ATP was added initially. As 


the data of Table XIII indicate, when a catalytic quantity of - 


ATP was generated slowly from ADP and P-creatine (Experi- 
ments le and ld), the DOC inhibitions were similar to those 
observed when a catalytic quantity of ATP was present initially 
(Experiments la and 1b). The disproportionately larger inhibi- 
tion of P; uptake by DOC is noteworthy. Whena stoichiometric 
quantity of ATP was added initially (Experiment 2c), glucose 
disappearance and lactate formation increased significantly, 
whereas the net P; uptake was augmented only slightly (cf. also 
Table XII). In the presence of DOC (Table XIII, Experiment 
2b) the release of P; into the medium was augmented to so great 
a degree that no net P, uptake was observed; concomitantly, 
glucose disappearance and lactate formation were inhibited. The 
DOC effects were to a large extent overcome when a near-stoichi- 
ometric amount of ATP was generated. Under these conditions 
(Experiments 2c and 2d), in either the absence or presence of 
DOC, the increased P; uptake was disproportionately greater 
than lactate formation, resulting in ratios of these two parameters 
that are less than unity. 

Provision of added yeast hexokinase plus an exogenous ATP- 
generating system to a lymphosarcoma homogenate preparation 
markedly increased both the rate and extent of anaerobic glu- 
colysis (cf. also Table VI). With the use of an optimal concen- 
tration of yeast hexokinase (8 wg per ml) and an enzyme system 
designed to generate a stoichiometric level of ATP (10 umoles), 
the DOC inhibition of glucolysis by a lymphosarcoma homog- 
enate was completely overcome (Table XIV, Experiments 4c 
and 4d); inhibitions of glucolysis were still apparent with less 
that optimal concentrations of added hexokinase (Experiments 
4a and 4b). On the other hand, addition of yeast hexokinase to 
the system in which a stoichiometric amount of ATP (10 umoles) 


Experi- 
ATP source DOC Lactate; APj (Glucose 
No. i 

pmoles/hr 

la Present initially — | 4.35] 3.90 | 2.20; 1.1 
lb + | 2.43 | 0.90; 1.00! 2.7 
le Generated?® — | 4.75} 3.80 / 3.30! 1.3 
ld + | 2.25! 1.00; 0.70; 2.3 
2a Present initially — | 7.17] 4.38 7.12; 1.6 
2b + | 3.34 |+3.13 | 2.59 

2c Generated? 6.68 | 9.60 | 5.60: 0.7 
2d + | 5.58) 8.70! 4.90! 0.6 


* ATP, 0.33 mm (catalytic level). 

> ADP and P-creatine, each 0.33 mm; transphosphorylase, 0.1 
ug per ml. 

¢ ATP, 3.33 mm (stoichiometric level). 

¢ ADP and P-creatine, each 3.33 mm; transphosphorylase, 6.7 


ug per ml. 


TABLE XIV 


Effects of added hexokinase and source and quantity of ATP 
on DOC inhibition of glucolysis 

Basic conditions and basic medium (except for ATP) plus glu- 
cose, 3.33 mm; DOC, when present, 0.44 mm; yeast hexokinase 
(Sigma, Type V), as indicated; ATP, when present initially (Ex- 
periments 3 a-d), 3.33 mm; ATP, when generated (Experiments 
4 a-d), from ADP and P-creatine, each 3.33 mM, plus transphos- 
phorylase, 6.7 ug per ml. 


| pec | 2-PGA | Lactate) AP; | Glucose bactate/ 
ug/ml pmoles/hr 
3a 4 — | 12.72] 6.60 | 9.68! 7.63 | 0.68 
b 4 + 8.62} 1.40 | 5.10| 5.35 | 0.27 
c s — | 13.11! 7.62 | 11.00! 8.48 | 0.55 
d 8 + 7.48} 1.28 | 5.10) 6.53 0.25 
4a 4 — | 11.12/) 7.05 | 14.00! 8.48 | 0.50 
b 4 + 8.13} 5.45 | 10.40} 6.93 0.52 
c 8 — | 12.68! 7.57 | 15.17; 8.25 | 0.50 
d 8 + | 12.14! 7.55 | 15.13] 8.11 | 0.54 


was present initially (Table XIV, Experiments 3a and 3b, and 
3c and 3d) failed to overcome the DOC inhibition of glucolysis. 
It may also be noted in Table XIV, Experiments 3 and 4, that 
the ratios of lactate formation to P; uptake are considerably less 
than unity, and that in Experiments 3b and 3d there is a dispro- 
portionately greater inhibition of lactate formation than of P, 
uptake. Furthermore, in neither of Experiments 3 and 4 was 
an equivalence seen between 2-PGA and lactate formation. 
These observations indicate that under such experimental con- 
ditions there was considerably more triosephosphate accumula- 
tion (as evidenced by 2-PGA accumulation and P; uptake, which 
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were nearly equivalent) than there was lactate formation. This 
could be explained if lactic dehydrogenase activity was unable to 
keep pace with the greatly accelerated glycolytic reactions. 


DISCUSSION 


The data which have been presented were all derived from 
experiments performed under anaerobic conditions, thus limiting 
carbohydrate utilization chiefly to the glycolytic pathway. Gly- 
colytic rates observed with whole homogenates of the Murphy- 
Sturm lymphosarcoma are higher in certain respects than those 
reported in comparable studies with homogenates of the Flexner- 
Jobling rat carcinomh (18, 33, 34), Jensen rat sarcoma (33), and 
Walker 256 rat carcino-sarcoma (33). More importantly, the 
glycolytic systems employed in the present studies exhibit sev- 
eral properties which lead to somewhat different interpretations 
regarding the nature of the rate-limiting factors for anaerobic 
glycolysis in tumor homogenates. 

The results recorded in this paper differ significantly from those 
obtained by Novikoff et al. (33) with other tumor tissues. Those 
authors reported that FDP (4.0 mm) was glycolyzed in the ab- 
sence of glucose, but that glucose (10 mm) was not glycolyzed in 
the absence of FDP. The data of Tables II and VII, plus those 
from unpublished observations, indicate that glucose (10.0 to 
80.0 mm), in the absence of hexose phosphate, was appreciably 
glycolyzed by lymphosarcoma homogenates. Furthermore, the 
extent of glycolysis was proportional to glucose concentration. 

The relation of glycolysis to FDP concentration was also evi- 
dent (unpublished observations) and, in contrast to previous re- 
ports (33) with other tumor tissues, the rate of glycolysis with 
low concentrations of FDP (2.0 mm) did not decline in the ab- 
sence of glucose (Tables II and VII). 

Unlike published observations with the Flexner-Jobling car- 
cinoma (33), the data of Tables II and VII reveal that the hexose 
monophosphates were utilized equally well and were only slightly 
less effective than was FDP. It can be concluded, therefore, 
that phosphohexoseisomerase and phosphofructokinase are ac- 
tive in lymphosarcoma homogenates. In agreement with the 
literature (18, 33-35), the present studies reveal glucose to have 
been considerably less effective as a glycolytic substrate than 
were any of the hexose phosphates. 

Chemical analyses of incubation mixtures containing Flexner- 
Jobling carcinoma homogenate and, as substrate, FDP alone 
(1.0 to 4.0 mM) or in combination with glucose (10.0 mm), re- 
vealed (33) a departure from stoichiometry in the lactate and 
PGA formed, and PGA values were from 1.4 to 3 times greater 
than lactate values; no explanation was offered for the observa- 
tions. In the present studies, however, the theoretical 1:1 ratio 
between lactate and 2-PGA values was routinely obtained when 
glucose, HMP, or FDP alone, or in combination, were substrates 
(Tables I] and VII). Furthermore, with glucose as substrate, 
the theoretical ratios of 1:1:1:0.5 between values for 2-PGA 
accumulation, lactate formation, net P; uptake, and glucose dis- 
appearance, respectively, were also obtained regularly (Tables II 
to VII, XII, and XIII). 

In agreement with the literature (18, 34), the present results 
(Tables II and VII) reveal that with FDP alone as substrate, 
little or no net P, uptake was observed. FDPase (unrecorded 
observations) and ATPase (Table IV) activities in lymphosar- 
coma homogenates, releasing P, into the medium by the hydroly- 
sis of FDP and ATP, respectively, could fully account for the 
lack of net P; uptake. However, when glucose and FDP were 
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metabolized together (Table VII), glycolysis of FDP was stimu- 
lated to such an extent that a net P; uptake, albeit less than 
stoichiometric with triose values, was observed (cf. also Table 3, 
LePage (34)). 

When glucose-6-P or fructose-6-P alone was the substrate (Ta- 
bles II and VII), ratios of lactate formation to P; uptake were 
approximately twice the theoretical ratio. The hydrolysis of 
HMP to hexose plus P; does not appear to be a likely explanation 
for this observation, since experiments performed in connection 
with FDPase studies indicated that glucose 6-phosphatase ac- 
tivity is absent in lymphosarcoma homogenates. However, bal- 
ance calculations reveal that the experimentally determined ratio 
of 2 would obtain if P; were formed by the hydrolysis of glycolyt- 
ically regenerated ATP. 

A number of observations from the present studies suggest that 
the hexokinase reaction exerts a rate-limiting control upon ana- 
erobic glycolysis by lymphosarcoma homogenates. As was pre- 
viously mentioned, the relatively poor utilization of glucose, in 
contrast to that of HMP and FDP, suggests the limiting activity 
of the hexokinase reaction. It does not necessarily follow, how- 
ever, that the activity of hexokinase per se was rate-limiting; 
other reactions utilizing ATP, e.g. hydrolysis by ATPase, or form- 
ing ATP, e.g. the 1,3-diphosphoglycerate-ADP transferase re- 
action, undoubtedly exert a limiting control on the hexokinase 
reaction (36). An alternative explanation might be that a low 
level of hexokinase exists in lymphosarcoma homogenates pre- 
pared by the present technique. Evidence for the latter explana- 
tion is provided by the data of Table III, which indicate that 
supplementation of a glucolyzing homogenate system with yeast 
hexokinase increases the utilization of glucose, although it never 
reaches the magnitude of utilization of HMP or FDP (Table II). 
Glucolysis was proportional to the concentration of added hexo- 
kinase, up to a maximal hexokinase concentration of 8 ug per ml. 
The inhibitory effects of excessive exogenous hexokinase could 
have resulted from an inability of the remaining reactions of 
glycolysis to keep pace with, and regenerate ATP for, the ex- 
cessively accelerated hexokinase reaction. Evidence for this is 
provided by the data of Table III, which indicate that with in- 
hibitory concentrations of added hexokinase, glucose disappear- 
ance was inhibited considerably less than were the other three 
parameters of glycolysis. 

The basic medium for the present glycolytic studies contained 
ATP in catalytic concentration (0.33 mm); the regeneration of 
ATP by way of glycolytic reactions permitted a limited utiliza- 
tion of glucose. When higher concentrations of ATP were added 
initially (Table IV), utilization of glucose increased until, with 
stoichiometric (3.33 mm) concentrations of ATP, the quantities 
of 2-PGA and lactate formed represented a glucose utilization by 
glycolysis which was approximately 60% of the theoretical maxi- 
mum. This is in contrast to the corresponding value of 27% 
efficiency when only catalytic concentrations of ATP were em- 
ployed. On the other hand, when 2.0 mm concentrations of FDP 
and HMP (Table II) were used, the formation of 2-PGA and 
lactate represented, respectively, 81 and 62% efficiencies of utili- 
zation. These data suggest, therefore, that not only is the level 
of hexokinase low in tumor homogenates, but also that the hexo- 
kinase reaction is limiting, partly because of the limitations of 
the glycolytic reactions which result in ATP regeneration. 

If it is recalled that ATPase is partially inhibited by fluoride in 
these systems, the P; uptake results shown in Table IV are par- 
ticularly noteworthy in that they suggest the presence of a rather 
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active ATPase in tumor homogenate preparations. Despite the 
increased glucolysis seen when initial ATP concentrations were 
increased, no significant increase in net P; uptake was noted. 
This is undoubtedly due to increased ATPase activity at higher 
substrate levels, with release of P; into the medium. This phe- 
nomenon has been observed previously in homogenates of the 
Flexner-Jobling rat carcinoma (18). 

The data of Tables V and VI provide additional evidence for 
a rate-limiting role for ATP regeneration in lymphosarcoma 
homogenates. When near-stoichiometric amounts (10 umoles) 
of ATP were generated from ADP and P-creatine by optimal 
concentrations of the transphosphorylase (Table V), the extent 
of glucolysis was similar to that seen (Table IV) when 10 umoles 
of ATP were present initially and exceeded that seen with FDP 
(Table II). In the generation system, however, the net Pi up- 
take was equivalent to 2-PGA and lactate formation (compare 
with the 3.33 mm initial ATP in Table IV). Apparently, there- 
fore, when ATP is generated throughout the course of the 60- 
minute incubation period, in the competition for the available 
ATP between hexokinase and phosphofructokinase, on the one 
hand, and ATPase, on the other, the kinases are favored. 

Supplementation of the exogenous ATP-generating system 
with hexokinase (Table VI) had little effect upon the final extent 
of glucolysis when compared to control vessels with no added 
hexokinase. However, the presence of added hexokinase stimu- 
lated significantly the rate of glucolysis; thus, by 30 minutes of 
incubation, there was attained almost the maximal amount of 
2-PGA and lactate formation and net P; uptake, with maximal 
glucose utilization. However, the remaining reactions of gly- 
colysis were unable to keep pace with the hexokinase reaction 
and, at no time during the incubation period, was there realized 
the theoretical ratio of 2 moles of triose formed per mole of glu- 
cose utilized. 

A review has been presented (11) of the literature relating to 
effects in vitro of adrenal cortical steroids on aerobic and anaerobic 
glycolysis. Only a single report has been found (37) of a steroid 
effect on anaerobic glycolysis in cell-free tissue preparations, viz. 
an inhibition by cortisol of anaerobic lactic acid production from 
glucose in fortified homogenates of human spleen. Similar ex- 
periments with DOC, cortisol, or cortisone with fortified homog- 
enates of rat kidney (34) and human synovial tissue (37) yielded 
no steroid effects. In addition, a preliminary report (38) has 
indicated that DOC can activate or inhibit, depending on the 
steroid concentration, phosphoenolpyruvate formation from 3- 
phosphoglycerate in tissue homogenates. 

Differences between the effects of cortisol and of DOC are 
evident from the data of Tables VII and X. Thus glycolysis of 
glucose, but not of HMP or FDP, was inhibited by cortisol; how- 
ever, the stimulus to glucolysis afforded by the presence of low 
concentrations of supplementary hexose phosphate completely 
overcame the inhibitory influence of cortisol (Table VII). In 
contrast, DOC, to an even greater degree, not only inhibited glu- 
colysis, but also markedly inhibited glycolysis of HMP and of 
FDP provided, in the case of FDP, DOC was preincubated with 
the glycolytic enzymes before adding substrate (Table X) ; similar 
preincubation with cortisol had no effect on the glycolysis of 
FDP. These data indicate that either there are differing mech- 
anisms for the inhibition of anaerobic glucolysis by cortisol and 
by DOC or differing effective concentrations of each of these 
steroids. No information was obtained regarding possible meta- 
bolic transformations of DOC during the preincubation period, 
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A number of contradictory reports have appeared relating to 
effects in vitro of steroids on the hexokinase activity of various 
tissue extracts and on yeast hexokinase. Thus adrenal cortical 
extracts have been found to be without effect on the hexokinase 
activity of extracts of normal rat brain and muscle (39), extracts 
of erythrocytes from normal, diabetic, or hypophysectomized rats 
(40), and extracts of normal rat muscle and beef brain (41). In 
contrast, it has been stated (13) that addition of 0.28 mm cor- 
tisol, cortisone, or DOC in vitro produces a 40% inhibition of 
hexokinase activity in an extract of rat skeletal muscle; hexo- 
kinase-containing extracts of rat heart and rabbit appendix lym- 
phatic cells were inhibited to a lesser extent, and the hexokinases 
in extracts of Gardner’s mouse lymphosarcoma, mouse ascites 
tumor cells, brain, and yeast were unaffected by the steroids. 
However, inhibitions of yeast hexokinase by high concentrations 
of DOC (28) and by a cortisone-§-lipoprotein complex (42) have 
been reported. In addition, A’-cortisol has been referred to 
as an “anti-hexokinase inhibitor” (43), although in the source 
cited (44) no mention is made of this steroid. 

The possibility that the hexokinase reaction is a point of action 
of cortisol and of DOC was examined by several experimental 
approaches. The data of Table VIII reveal that cortisol was 
without effect on the hexokinase activity of extracts of rat lym- 
phosarcoma and skeletal muscle; unpublished experiments reveal 
a similar lack of effect for DOC. The activities of two prepara- 
tions of yeast hexokinase were likewise unaffected by cortisol and 
by DOC. Furthermore, the addition of supplementary yeast 
hexokinase to glucolyzing homogenates, although greatly stimu- 
lating glucolysis, failed to reverse the inhibitions produced by 
cortisol (Table IX) and DOC (Table XI). These data suggest, 
therefore, that the hexokinase of lymphosarcoma homogenates is 


~ not a locus of the inhibitory action of the steroids. The failure 


to confirm (Table VIII) the observations of Rosenkrantz (28) 
with DOC and yeast hexokinase requires comment. In addition 
to the uncertainties attending the determination of glucose-6-P 
by the procedure described by Rosenkrantz (28) (cf. comment in 
‘General Procedures’’), it is possible that in the assay procedure 
utilized (28), DOC inhibited glucose-6-P dehydrogenase. These 
factors would lead to the erroneous suggestion that DOC had 
inhibited hexokinase, inasmuch as the conclusion was based upon 
measurements of the glucose-6-P formed. 

No ready explanation can be provided for the inability to dem- 
onstrate a combination between cortisol and GSH, as had been 
previously reported by Bacila and Barron (13). Lieberman e¢ al. 
(45), in studying spiro (steroid) thiazolidine formation by con-— 
densation of cysteine with 3-ketosteroids, also were unable to 
demonstrate a reaction of A*-3-ketosteroids, e.g. DOC, with cys- 
teine. In experiments not detailed here, it has been observed 
that failure to exclude air from vessels containing mixtures of 
GSH and cortisol, particularly at laboratory temperatures, leads 
to oxidation of GSH to GSSG. The lower values resulting for 
free GSH may have led to the suggestion (13) that GSH combines 
with cortisol. The lack of protective effect of GSH on the cor- 
tisol inhibition of glucolysis (unpublished observations) may be 
related to the observations of LePage (18, 34) who, in contrast 
to the reports of others (30, 31), found that GSH had no signifi- 
cant influence upon the duration or the rate of anaerobic gly- 
colysis of FDP plus glucose in homogenates of brain, Flexner- 
Jobling carcinoma, liver, or kidney. The lack of GSH effects, 
detailed above, does not exclude the possibility that cortisol and 
DOC may combine with sulfhydryl or other reactive groups on 
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the hexokinase molecule, as well as with similar groupings on 
other glycolytic enzymes. The specificity of interactions be- 
tween A‘-3-ketosteroids and enzymes (46, 47), as well as serum 
proteins (47-49), has been described. However, it has also been 
reported (50) that cortisone increases sulfhydryl values in serum 
albumin. The possibility must also be considered that enzy- 
matic reactions may be controlled by means of interactions be- 
tween steroid hormones and cofactors, as has been demon- 


strated for DOC with ATP and DPN (51) and for cortisone . 


with cupric and ferrous ions (52). 


In the lymphosarcoma homogenate system under study, only 
one of the two glycolytic reactions capable of regenerating ATP 


is operative, namely the ADP-phosphoglycerate transferase reac- 
tion. The limitations imposed upon the hexokinase reaction by 
the operation of this endogenous ATP-regenerating reaction have 
been discussed previously. In addition, it has long been recog- 
nized (36, 53) that ATPase activity of tumor homogenates also 
exerts limitations upon the hexokinase reaction in such tissue 
preparations. The present data provide evidence for an influence 
of cortisol and DOC on both the glycolytic regeneration of ATP 
and the ATPase activity of lymphosarcoma homogenates. 
Thus, the data of Table XII reveal that higher concentrations of 
exogenous ATP greatly stimulated glucolysis, as evidenced by 
triose formation and glucose disappearance. Furthermore, the 
DOC inhibition of these parameters was partially overcome at 
higher concentrations of ATP. On the other hand, at the higher 
ATP concentrations, DOC apparently stimulated a greater degree 
of enzymatic hydrolysis of ATP, thus leading to an apparently 
greater degree of inhibition of P; uptake. A similar effect of 
DOC on ATPase activity is suggested by the data of Table X 
where, in the preincubation study, the presence of DOC resulted 
in a net gain in P;. This gain in P; could have derived from a 
stimulation, by DOC, of ATPase or fructose diphosphatase ac- 
tivities. 

The relationship between ATP generation and the DOC effect 
on glucolysis is brought out by the data of Tables XIII and 
XIV. Thus, compared to control experiments in which the 
corresponding quantity of ATP was present initially, the genera- 
tion of near-stoichiometric, but not catalytic, quantities of ATP 
from ADP plus P-creatine by transphosphorylase overcame, to a 
large extent, the DOC inhibition of glucolysis (Table XIII). A 
possible influence of DOC on ATPase activity was also seen in 
Table XIII, Experiments 2a and 2b; in the presence of DOC, 
the release of P; into the medium, presumably from ATP, was 
increased to such an extent that no net P; uptake was observed. 

When the stimulus to glycolysis, provided by optimal concen- 
trations of exogenous yeast hexokinase, was present in the exog- 
enous system which generated stoichiometric quantities of ATP, 
the DOC inhibition of glucolysis was completely overcome (Table 
XIV, Experiments 4a-4d). Control experiments (3a to 3d) with 
stoichiometric amounts of exogenous ATP initially present re- 
vealed again that added hexokinase alone could not counteract 
the DOC inhibition of glucolysis, but could overcome to a signifi- 
cant degree the stimulating influence of DOC on the release of 
P; to the medium, seen in previous experiments. 

The data which have been presented suggest that (a) in lym- 
phosarcoma homogenates the degree of anaerobic glucolysis, as 
defined by the experimental conditions, represents a balance 
among a relatively low hexokinase activity, a high ATPase ac- 
tivity, and a limiting capacity for glycolytic regeneration of ATP; 
(b) cortisol and DOC do not affect the hexokinase reaction di- 
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rectly, but do affect it secondarily by a primary effect on the 
availability of ATP; (c) a competition exists between hexokinase 
and ATPase for the supply of ATP; (d) DOC may stimu- 
late ATPase activity and thus inhibit the hexokinase reaction; 
and (e) steroids may also influence the glycolytic reactions which 
regenerate ATP. The influences of adrenal cortical steroids on 
specific reactions involving the utilization and synthesis of ATP 
are being further investigated.? 

Although the goal of these studies was initially visualized as 
an examination of the lymphocytolytic effect of certain adrenal 
cortical steroids, the possible physiological significance of the 
data obtained is clearly not yet evident, especially in view of the 
fact that injection of DOC does not alter lymphoid tissue struc- 
ture (3, 5,6). It may also be noted that in unpublished experi- 
ments, other steroids, e.g. 17a-ethy]-19-nortestosterone, which are 
not lymphocytolytic are also effective in the experiments de- 
scribed in the present paper. However, other nonlymphocyto- 
lytic steroids, e.g. cholesterol, are without influence under these ex- 
perimental conditions. Nontheless, an initial approach has been 
made to certain problems related to steroid-enzyme interactions 
in vitro. Furthermore, the data obtained in studies in vitro re- 
lating to effects of adrenal cortical hormones on energy-yielding 
reactions may form the basis for a future understanding of the 
effects in vivo of such steroids on metabolism. 


SUMMARY 


1. Certain of the factors which limit the rates of anaerobic 
glycolysis of glucose, glucose- and fructose-6-P (HMP), and fruc- 
tose 1,6-diphosphate (FDP) have been determined in fortified, 
cell-free homogenates of the Murphy-Sturm rat lymphosarcoma. 
These factors include (a) a low level of tissue hexokinase, (6) 
regulation of the activity of the hexokinase reaction by a limited 
glycolytic regeneration of adenosine triphosphate (ATP), and 
(c) exceedingly active ATPase(s). 

_ 2. Glucose utilization by lymphosarcoma homogenates was 
approximately one-half that observed with HMP or FDP as 
substrates, but could be elevated to values approaching those 
seen with the hexose phosphates by supplementation of the media 
with exogenous yeast hexokinase. Glucose was fully as effective 
than a substrate for glycolysis as were HMP and FDP provided 
greater catalytic quantities of ATP were present initially, or were 
generated during the incubation period from adenosine diphos- 
phate (ADP), phosphocreatine, and transphosphorylase. 

3. The influences in vitro of cortisol and of deoxycorticosterone 
(DOC) on rate-limiting factors of anaerobic glycolysis have been 
examined. Cortisol inhibits anaerobic glycolysis of glucose but 
not of HMP or FDP, whereas DOC markedly inhibits the utili- 
zation of all substrates studied. 

4. Neither cortisol nor DOC influenced the hexokinase activity 
of extracts of rat skeletal muscle and lymphosarcoma, or the ac- 
tivities of either crude or highly purified preparations of yeast 
hexokinase. 


2 Preliminary studies performed while this paper was in press 
demonstrated that ATPase activity is completely latent in freshly 
prepared lymphosarcoma mitochondria. A direct effect has been 
observed of added DOC on the release of this ATPase activity. 
The steroid had a similar action with whole homogenates, but was 
without effect in microsomal or soluble cytoplasmic fractions. 
Good correlation has been observed between the relative activity 
of a series of steroids in agumenting mitochondrial ATPase activ- 
ity and their capacity to inhibit glucose utilization by lymphoid 
tissue (11, 12). 
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5. The inhibitions, by cortisol or DOC, of anaerobic glucolysis 
could not be reversed by supplementation of lymphosarcoma 
homogenates with yeast hexokinase. The addition of stoichio- 
metric amounts of ATP could, to a small degree, reverse this 
inhibition. Almost complete reversal of the DOC inhibition of 
glucolysis was obtained when stoichiometric, but not catalytic, 
levels of ATP were generated from ADP and phosphocreatine by 
the specific transphosphorylase. Complete negation of the in- 
hibition was obtained by adding both yeast hexokinase and the 
exogenous ATP-generating system to the lymphosarcoma ho- 
mogenate system. 

6. Evidence was obtained that DOC stimulated the enzymatic 
hydrolysis of labile phosphate esters. 

7. Possible mechanisms for the action in vitro of cortisol and 
DOC on anaerobic glycolysis by lymphosarcoma homogenates 
are discussed. 
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Udenfriend et al. (1) and Brodie et al. (2) have described a 
system, consisting of ascorbic acid (I), iron salts, ethylenedi- 
aminetetraacetate, buffer, and either oxygen or hydrogen peroxide, 
which can hydroxylate various aromatic compounds. This sys- 
tem was of special interest since it seemed possible that ascorbic 
acid was involved in similar reactions in vivo, not only because 
of suggestive evidence that ascorbic acid may participate in en- 
zymatic hydroxylations (3, 4), but also because the products ob- 
tained in this system in vitro were in many cases identical with 
those formed by biological hydroxylation of the same substrates. 
Several of the features reported for this system seemed quite 
remarkable. Thus it was reported that dehydroascorbic acid 
(II) and other diketo compounds could replace ascorbic acid 
when oxygen was used but not when hydrogen peroxide was the 
ultimate oxidizing agent, whereas ascorbic acid and other enediols 
were active with either oxygen or hydrogen peroxide. It seemed 
to us impossible to formulate a single mechanism for the hy- 
droxylations which would be consistent with these results. Spe- 
cifically, although several mechanisms could be suggested in- 
volving ascorbic acid or other enediols, and such suggestions have 
been made (5, 6), the reported activity of related diketo com- 
pounds could not be accommodated in any of these mechanisms. 
For this reason we have investigated the model reactions further. 


H H 

bat 
 cH-CHOH—CH.OH 


O=C CH—CHOH—CH:0H 


II 


EXPERIMENTAL 


Assays—The assays for quinoline and 3-hydroxyquinoline were 
based on the methods of Novack and Brodie (7). The quinoline 
was quantitatively extracted from the reaction mixture by add- 
ing 0.20 ml of 2 N NaOH to 1 ml of reaction mixture and extract- 
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ing twice with 3 ml of heptane. The absorbancy of the combined 
heptane extracts was measured at 300 my in a Beckman model 
DU spectrophotometer. The molar absorbancy index of quino- 
line under these conditions is 2.01 xX 10%. Routinely, the ab- 
sorbancy of each extract was measured at two different dilutions 
which invariably showed close agreement. (In Experiment 1, 
Table I, the absorbancy was determined by only one dilution). 
In most of this work, 3-hydroxyquinoline was determined by 
measuring the fluorescence of the aqueous phase remaining from 
the heptane extractions after suitable dilution with 0.1 N H.SO,. 
A Farrand fluorometer model A was used with a Coleman B-1 
primary filter and Corning 3389 secondary filter, with the sensi- 
tivity so adjusted that 2.77 mumoles of 3-hydroxyquinoline in 
10 ml of 0.1 Nn HeSO, gave a galvanometer reading of approxi- 
mately 50. The readings, which were taken at two or more 
dilutions, were directly proportional to the concentration of 3- 
hydroxyquinoline and were compared with a simultaneously 
determined standard curve. In the experiments in which the 
yield of 3-hydroxyquinoline in the model system was compared 
with the yield in a system containing stoichiometric amounts of 
ferrous sulfate in place of ascorbate, the 3-hydroxyquinoline was 
extracted at pH 6 into ether and then into 0.1 N H2SO,. The 
fluorescence was measured in a Lumetron fluorescence meter 
model 402-EF fitted with a Coleman B-1 primary filter and two 
Corning 3389 secondary filters. The slide wire was set on 100 
for a solution containing 35 mumoles of 3-hydroxyquinoline in 
30 ml, and a linear relationship between fluorescence and con- 
centration was obtained. 

Acetanilide was determined by a variant of the method of 
Brodie and Axelrod (8), involving hydrolysis to aniline and 
assay of the latter by a modified Bratton and Marshall procedure. 
The acetanilide was quantitatively extracted by adding 0.1 ml 
of 10 Nn NaOH to 1 ml of reaction mixture and extracting twice 
with 3 ml of ether. The combined ether extracts were evapo- 
rated to dryness and the residues were dissolved by heating them 
on a steam bath with 10 ml of 0.02 Nn H.2SO,. These solutions 
were diluted, where necessary, with 0.02 Nn H:SO, to give an 
acetanilide concentration of approximately 0.1 umole per ml, and 
aliquots of 0.6 ml or less were placed in test tubes. The volume 
of each sample was brought to 0.6 ml by the addition of 0.02 nN 
H2SOx,4, and 0.15 ml of 5 Nn HeSO, was then added to each tube. 
The tubes were capped with glass marbles and placed in a boiling 
water bath for 1 hour. After cooling to room temperature, each 
tube received 1 ml of H.O and 0.25 ml of 0.2% sodium nitrite; 
10 minutes later 0.25 ml of 1% ammonium sulfamate was added 
Three minutes later, 1 ml of a sodium acetate solution (containing 
37 g of anhydrous salt per 100 ml of solution) and 0.25 ml of a 
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solution of 0.2% N-1-naphthylethylenediamine dihydrochloride 
were added. After 30 additional minutes, 0.30 ml of 15 N H.SO, 
was added to each tube and the absorbancy of the resulting 
magneta colored solution was measured in a Beckman model 
DU spectrophotometer at 550 mu. The absorbancy was pro- 
portional to the concentration of acetanilide. Known amounts 
of acetanilide were run with each assay, from which the molar 
absorbancy index of the chromophore could be calculated to be 
approximately 42 x 10° at 550 mu (Amax). By adding known 
amounts of o- and p-hydroxyacetanilide to a reaction mixture, 
these compounds were shown not to interfere in the determina- 
tion of acetanilide. 

Materials—Crystalline dehydroascorbic acid was prepared by 
the method of Cohen (9), by oxidation of ascorbic acid with 
1,4-benzoquinone. The crystals dissolved very slowly in water 
but solution could be hastened by heating to 60°, as previously 
reported for crystalline dehydroascorbic acid (10). The authen- 
ticity and purity of the material were checked by determining 
its ultraviolet absorption spectrum before and after reduction 
to ascorbic acid. At a concentration of 302 ug per ml, in the 
presence of 0.2 m sodium phosphate buffer, pH 7, and 0.0002 m 
disodium EDTA,! the dehydroascorbic acid was transparent from 
230 to 400 my as determined with a Cary recording spectropho- 
tometer versus a blank solution of identical composition but 
lacking dehydroascorbic acid. When the spectrum of an identi- 
cal solution of dehydroascorbic acid, but containing 0.83 mg per 
ml of homocysteine (11), was determined versus the appropriate 
blank, the absorption spectrum of ascorbic acid was obtained. 
From the observed absorbancy at 265 my (A,uax), equal to 2.21, 
the molar absorbancy index of ascorbic acid was calculated to be 
15.2 X 10° on the assumption that the dehydroascorbic acid was 


100% pure on a weight basis. Since this value is in good agree- | 


ment with that reported by Carpeni (15.0 & 10? (12)) and found 
by ourselves for both Fisher reagent grade and Merck U.S.P. 
ascorbic acid, it may be concluded that the dehydroascorbic 
acid was close to 100% pure. Both the completeness of the 
reduction of dehydroascorbic acid with homocysteine and the 
feasibility of using the absorbancy at 265 mu to measure the 
concentration of ascorbic acid, provided EDTA is present (9), 
were confirmed in accordance with the earlier reports. 

Diethyl diketosuccinate was prepared by means of tartaric acid 
dinitrate (13, 14) by the method of Anschiitz and Parlato (15); 
b.p., 118° at 13 mm (reported 115-117° at 12mm). With phen- 
vlhydrazine it gave, as reported (15), ethyl 4, 5-diketo-1-phenyl- 
4 ,5-dihydropyrazole-3- carboxylate -4-phenylhydrazone, m.p., 
154° uncorrected (reported, 154°). 3-Hydroxyquinoline was 
prepared (16) from 3-aminoquinoline (Eastman white label) and 
melted at 199.5-201° uncorrected (reported, 198°). 


RESULTS 


Choice of Quinoline as Substrate—Although the highest yield of 
hydroxylated compounds in the model system was reported with 
salicylic acid as the substrate (2), and we therefore considered 
using it as substrate in our studies, we find that considerable 
hydroxylation of this compound occurs even when ascorbic acid 
is omitted from the system. Thus 50% of the salicylic acid was 
hydroxylated by the hydrogen peroxide model system in the 
absence of ascorbic acid (as compared with 90% hydroxylation 
in the presence of ascorbic acid under identical conditions). 


1The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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TABLE I 
Effect of dehydroascorbic acid on hydroxylation of quinoline 


In the H2O2 system, Experiment 1, each vessel contained, in 
addition to 142 wmoles of ascorbic or dehydroascorbic acid where 
indicated, the following quantities of materials expressed in 
yumoles, in a final volume of 3.3 ml: quinoline, 60; FeSQ,, 15; 
EDTA, 80; H2O:2, 400; and sodium phosphate buffer, pH 5.7, 300. 
The solutions of ascorbic acid, dehydroascorbic acid, and EDTA 
were adjusted with NaOH to approximately the pH of the buffer 
before their addition. The contents of the vessels were allowed 
to react at room temperature for 10 minutes, at which time they 
were assayed for quinoline and hydroxyquinoline as described in 
‘‘Experimental.’? The amount of quinoline which had reacted 
was obtained by comparison with the quinoline present in a vessel 
containing the complete system minus H2Ox2. 

In Experiment 2, 8 times the quantities of the materials present 
in Experiment 1 were added in a final volume of 24 ml, to give a 
reaction mixture similar to Experiment 1 (1.1 times more concen- 
trated), except that H2O2 was omitted. Experiments 3, 4, and 5 
were identical with Experiment 2, except that succinate was sub- 
stituted for phosphate in Experiments 3 and 4 and the pH adjusted 
with NaOH to 3.3 and 4.4, respectively. In Experiment 5 the 
pH was adjusted to 5.3: The reaction mixtures were shaken at 
room temperature in 125-ml Erlenmeyer flasks on a Burrell wrist 
action shaker in an atmosphere of O2 for 1? hours in Experiment 
2 and 1} hours in Experiments 3 to 5. Each vessel was assayed 
for quinoline just after the addition of FeSO, before shaking with 
O:2, as well as at the end of the incubation, and the quinoline 
which had reacted was calculated by difference. 


Hydroxy- 
li 
pmoles/ml pmole/ml 
H202 System 
1 None 3.1 0.03 
Ascorbie acid 15.3 0.64 
Dehydroascorbie acid 3.1 0.04 
Ascorbie acid and dehy- 15.3 0.52 
droascorbiec acid 
System 
2 None 1.4 0.06 
Ascorbic acid 10.4 0.42 
Dehydroascorbie acid 2.2 0.05 
Ascorbic acid and dehy- 9.7 0.29 
droascorbic acid 
3 None 0.4 0.009 
Dehydroascorbie acid 1.0 0.008 
4 None 1.4 0.02 
Dehydroascorbie acid 1.8 0.02 
5 None 1.3 0.04 
Dehydroascorbie acid 2.8 0.09 


Quinoline, one of the substrates originally used by Udenfriend, 
undergoes very little ascorbic acid-independent hydroxylation 
(see Table 1). Since it seemed critical that the model reaction 
be studied without interference from unrelated side reactions, 
quinoline was adopted as the substrate in our studies. 

Inactivity of Diketo Compounds in Model System—aAs reported 
by Udenfriend et al. (1) and Brodie et al. (2), a model system 
containing ascorbic acid is capable of hydroxylating quinoline to, 
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II 
Inactivity of ethyl ester of diketosuccinic acid in 
model hydrozylating system 

The reaction mixture was identical in volume and composition 
with that of Experiment 2, Table I, except that neither ascorbic 
acid nor dehydroascorbic acid were added, and the pH was ad- 
justed with NaOH to 6.1. The diethyl ester of diketosuccinic 
acid was present in the indicated vessel at the same concentra- 
tion at which ascorbic or dehydroascorbic acid were present in 
other experiments, namely, 47.3 wmoles per ml. After shaking 
under QO: for the indicated times, the vessels were assayed for 
quinoline. In control experiments it was shown that the ester 
does not interfere in the quinoline assay. 


Mechanism of Nonenzymatic Hydroxylation Reaction 


Quinoline present 
Incubation 
_With ethyl Without ethyl 
diketosuccinate diketosuccinate 
min umoles/ml pmoles/ml 
0 17.9 17.8 
15 17.1 17.1 
90 16.0 16.0 
TaBLeE III 


Inactivity of dehydroascorbic acid and ethyl diketosuccinate 

in hydroxylation of acetanilide 

In Experiment 1, each vessel contained, in a final volume of 3 
ml, the same quantities of materials as were present in Experi- 
ment 1, Table I, except that acetanilide was substituted for quino- 
line, and, where indicated, 142 wmoles of ethyl diketosuccinate 
were added. The pH of each vessel was adjusted with NaOH 
to pH 6.1, before the addition of the H2O2. The vessels were 
allowed to stand for 15 minutes at room temperature after the 
addition of the H2O:, at which time the acetanilide was extracted 
and assayed. The amount of acetanilide which had reacted was 
obtained by comparison with the acetanilide present in a vessel 
containing the complete system minus H-.Ox.. 

The composition of the vessels in Experiment 2 was the same 
as in Experiment 2, Table I, except that the pH was 6.2 and acet- 
anilide was substituted for quinoline. Where indicated, 1136 
pmoles of ascorbic acid, dehydroascorbic acid, or ethyl diketo- 
succinate were present. The vessels were shaken under O2 and 
assayed for acetanilide after 20 and 75 minutes. 


Additions Acetanilide utilized 
pmoles/ml 
Experiment 1; H2O. System 
1 None 5 
2 Ascorbic acid 17.5 
3 Dehydroascorbic acid 6 
4 Ethyl diketosuccinate 2 
5 Aged* dehydroascorbic acid 16 
After 20 min | After 75 min 
Experiment 2; O2 System 
1 None 0 0 
2 Ascorbic acid 5 8 
3 Dehydroascorbic acid 0 3 
4 Ethyl] diketosuccinate 0 


* The complete reaction mixture containing dehydroascorbic 
acid was allowed to stand at room temperature for 14 hours be- 
fore the addition of H:O.. The subsequent treatment of Vessel 
5 was identical with that of the other vessels of Experiment 1. 
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among other products, 3-hydroxyquinoline (Table I). Dehy- 
droascorbic acid, however, we find to be inactive in the model 
system. Its inactivity in the presence of hydrogen peroxide 
(Experiment 1) is in agreement with the report of Udenfriend 
et al., but the very low level of activity of dehydroascorbic acid 
in the oxygen system (Experiments 2 to 5) is in disagreement 
with their report that dehydroascorbic acid is almost as active 
as ascorbic acid below pH 6.5. Furthermore this lack of ac- 
tivity in the oxygen system is not due to the destruction of the 
dehydroascorbic acid, since we found by assay that at least 80% 
of the dehydroascorbic acid was still present at the end of the 
incubation. 

Since it was possible that even the slight activity of dehy- 
droascorbic acid in the model system was due to its breakdown 
to 2,3-diketogulonic acid and other substances with strongly 
reducing properties, we wished to examine a simple diketo com- 
pound in which such a possibility was not present. Udenfriend 
et al. had reported that diethyl diketosuccinate was almost as 
active as ascorbic acid in the model system. We have 
reexamined this compound and find that it is completely devoid 
of activity (Table II). Although substantial oxygen uptake 
occurred with the ascorbic acid model, none was observed with 
the dehydroascorbic acid or diethyl diketosuccinate systems, 

In order to insure that the inactivity of dehydroascorbic acid 
and ethy! diketosuccinate was not due to some special property 
of quinoline, the diketo compounds were tested in addition with 
acetanilide as substrate. This compound was chosen since it 
was used, along with quinoline and tyramine, in the original 
study of the properties of the model system (1). It may be 
seen from Experiment 1 of Table III that dehydroascorbic acid 
which has not been aged causes almost no increase in the disap- 
pearance of acetanilide over that which occurs in the presence of 
hydrogen peroxide alone (Vessels 3 and 1, respectively). Ethyl 
diketosuccinate is completely inactive and in fact apparently 
inhibits the hydroxylation expected from hydrogen peroxide 
alone. In the oxygen system, Experiment 2, both diketo com- 
pounds are inactive as judged by the 20-minute incubation, al- 
though dehydroascorbic acid shows some activity on longer in- 
cubation. 

It is thus apparent that the diketo compounds, dehydro- 
ascorbic acid and diketosuccinic ester, are inactive in the 
acetanilide hydroxylations with either hydrogen peroxide or 
oxygen. Although Experiment 2 seems to indicate the develop- 
ment of some activity by dehydroascorbic acid late in the 
experiment, we find that in the same oxygen system at pH 5.5 
it remains completely inactive. If, however, before shaking with 
oxygen at pH 5.5, the reaction mixture containing dehy- 
droascorbic acid is allowed to stand for 14 hours at pH 6.3, the 
slight activity observed in Experiment 2 can be duplicated. If 
the preincubation is performed at pH 5.5 instead of 6.3, no ac- 
tivity develops. It seems that under the more alkaline condi- 
tions dehydroascorbic acid is converted to an active transforma- 
tion product. This conclusion is strikingly supported by 
Experiment 1, in which the preincubation of dehydroascorbic 
acid at pH 6.1 causes the development of activity in the hydrogen 
peroxide system as well (Vessel 5). The rate at which dehy- 
droascorbic acid hydrolyzes to 2,3-diketogulonic acid has been 
studied as a function of pH (17), and the results correspond 
closely to our observed rates of development of activity in the 
model system. Diketogulonic acid can enolize to an enediol, a 
strong reducing agent (10), which should be active in the model. 
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Replacement of Ascorbic Acid by Stoichiometric Amounts of 
Ferrous Ion—The simplest explanation of the mechanism of the 
hydroxylation reaction seemed to be that free radical hydroxy] 
was generated by the familiar reaction of Fenton’s reagent (18) 
as shown in Reaction 1. 


Fet+* + H:.02 — FeOH** + -OH (1) 


Free radical hydroxyl produced by Fenton’s reagent is known to 
perform hydroxylations of the type accomplished by the model 
system (19-22). The function of ascorbic acid in the hydrogen 
peroxide model system might then be simply to reduce the ferric 
ions produced in Reaction 1 back to ferrous ions, a well known 
reaction, with the result that catalytic amounts of ferrous salts 
become able to replace the stoichiometric amounts ordinarily 
used in Fenton’s reaction.? This role for ascorbic acid would 
explain why it cannot be replaced by diketo compounds. In the 
oxygen model system, ascorbic acid would be needed for the 
production of hydrogen peroxide (23) in addition to the function 
described above. To get some evidence on this possibility it was 
decided to examine a modified Fenton’s reagent, in which stoichi- 
ometric amounts of ferrous salts were substituted for ascorbic 
acid in the hydrogen peroxide model system, but in which the 
pH was that of the model, in contrast to the low pH usually used 
in Fenton’s reagent. 

The results of such an experiment are shown in Table IV, from 
which it may be seen that hydroxylation does in fact occur in 
the absence of ascorbic acid if sufficient ferrous ions are present, 
even though at the higher iron concentrations insoluble salts 
precipitated. At a level of 80 uwmoles of ferrous ions per ml, 
almost all of the quinoline was hydroxylated. Since each as- 
corbate molecule may reduce 2 ferric ions to ferrous ions, the 
potential amount of ferrous ion in the usual system is approxi- 
mately 100 uwmoles per ml. The stoichiometric system is there- 
fore just about as effective as the ascorbic acid model system. 

A comparison was made of the yield of 3-hydroxyquinoline in 


the hydrogen peroxide model system and in the system in which 


stoichiometric amounts of ferrous sulfate replaced ascorbic acid, 
to determine whether the hydroxylating agent produced in the 
two systems showed similar reactivity. Although the yields 
varied somewhat, the modified Fenton’s reagent generally af- 
forded about a 1% yield of 3-hydroxyquinoline, based on quino- 
line reacted, and the model system yielded 3 to 7%. The de- 
struction of added 3-hydroxyquinoline (4 to 8 umoles) in control 
reactions was approximately 50% in both systems. The rough 
similarity in yield of 3-hydroxyquinoline is consistent with the 
hypothesis that an identical hydroxylating species, the hydroxy] 
radical, is produced by both systems. Since such a free radical 
hydroxyl generated in the two systems would be surrounded by 
different molecular environments, with different opportunities for 
side reactions, it would of course not be expected that the two 
systems would behave identically. 

| Lffect of Delaying Addition of Quinoline—If the quinoline was 
not added until 5 minutes after the addition of hydrogen peroxide 
in either the model or the stoichiometric ferrous systems, no 


2 The small amount of hydroxylation which occurs in the ab- 
sence of ascorbic acid (see Table I) is consistent with the amount 
of hydroxyl radical which could be generated from the small 
amount of ferrous ion present, by a Fenton’s reagent mechanism. 
However, in the case of salicylic acid, the destruction of approxi- 
mately 2 moles of salicylic acid per mole of iron, in the absence of 
ascorbate, demonstrates that some more complex pathway is 
involved. 
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TaBLe IV 
Replacement of ascorbic acid by stoichiometric 
amounts of ferrous ion 

Each vessel contained in a final volume of 3 ml the same quan- 
tities of materials as in Experiment 1, Table I, except that the 
concentration of ferrous sulfate was as shown in the Table. As- 
corbic acid was absent from all vessels. The pH of the reaction 
mixture was adjusted to 6.0 with NaOH, before the addition of 
the HO; or ferrous sulfate. The initial concentration of quino- 
line was determined by assay of a freshly mixed incubation mix- 
ture from which HO: had been omitted. The reaction was 
stopped 15 minutes after the addition of H.O2 by adding 1 ml of 
the reaction mixture to 0.2 ml of 2 N NaOH and extracting with 
heptane to remove the quinoline as described in ‘‘Experimental.”’ 


Ferrous ion concentration Quinoline utilized 
pmoles/ml pmoles/ml 
0 0 
5 2.8 
10 4.6 
20 8.5 
40 11.1 
80 18.5 
80, but H2O2 omitted 0.1 


hydroxylation of quinoline was observed. The very short exist- 
ence of the hydroxylating agent is consistent with the high reac- 
tivity of free radical hydroxy]. In both the hydrogen peroxide 
model system and the stoichiometric ferrous system, 96% of the 
final loss of quinoline was found to occur within 1 minute after 
the addition of the hydrogen peroxide. 


DISCUSSION 


It is obvious from our results that the previously reported 
ability of diketo compounds to substitute for enediols in the 
model system, which had been the main block to a rational 
proposal of mechanism for the model, is not correct. Further- 
more, our comparison of the model system with the system con- 
taining stoichiometric quantities of ferrous salts, a modified 
Fenton’s reagent, suggests that the two are very similar, and 
that uydroxy] radical is probably the hydroxylating species in 
the model system as well. 

Although Udenfriend et al. (1) cite studies by Mead et al. (19) 
with the model system and with Fenton’s reagent as evidence 
that the former produces a more electrophilic hydroxylating 
species than the hydroxy] radical generated by the latter, ex- 
amination of the published data (19) suggests that the differences 
between the two systems are in fact very small. Thus, Mead 
et al. applied the two systems to coumarin and found that the 
pattern of products is essentially the same, except that Fenton’s 
reagent gave some 3-hydroxycoumarin and a trace of 8-hydroxy- 
coumarin, neither of which was detected with the ascorbic acid 
model. Since, however, the 3-position of coumarin is the posi- 
tion of highest electron density on carbon this discrepancy is the 
reverse of that expected if the ascorbic acid hydroxylating species 
were more electrophilic than is the hydroxyl radical. Further- 
more, Mead et al. observed no o-nitrophenol, but only the m- and 
p-isomers, when the ascorbic acid model was applied to nitro- 
benzene, although with Fenton’s reagent all three isomers have 
been detected (22). It seems unlikely, however, that this fact 
reflects a difference in electrophilicity of the attacking species in 
the two systems, especially since cyanobenzene and benzoic acid 
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are hydroxylated in all three positions by the model system (19). 
The randomness of the hydroxylations, in fact, is very similar to 
the pattern observed with Fenton’s reagent, and does not seem to 
indicate any special preference for attack on electron-rich posi- 
tions. 

It is interesting that the main differences observed between 
the two systems indicate a pattern of rather a different type: 
Fenton’s reagent gives a larger amount of hydroxylation at posi- 
tions near oxygen atoms in the substrate (the 3- and 8-positions 
of coumarin, the ortho position of nitrobenzene) than does the 
model system. It seems possible that the iron coordinates with 
an oxygen of the substrate, thereby favoring hydroxylation in its 
vicinity. In the model system, where EDTA and ascorbic acid 
chelate the iron, such coordination with the substrate is much 
less likely. 

Thus, there is no evidence to support the view that an espe- 
cially “electrophilic” hydroxylating species is formed in the model 
reaction, and it seems that the data available can most simply 
be interpreted by means of the following scheme. 

1. Ferrous ion and hydrogen peroxide generate ferric-hydrox- 
ide ion and hydroxy! radical (Reaction 1). 

2. The hydroxy] radical attacks the substrate in the usual 
fashion. 

3. The ferric ion is reduced back to ferrous ion by the ascorbic 
acid, which is converted to the ascorbate anion radical (III) and 
then, by a second 1-electron change, to dehydroascorbic acid. 

4. In the oxygen system the hydrogen peroxide required is 
generated by iron-catalyzed autoxidation of a part of the ascorbic 
acid (23), the rest of the system then functioning as above. 


-O O- 


Ncu—c HOH—CH:0H 


III 


Several minor variants on the above pattern can be suggested, 
among the most attractive being a composite of Steps 1 and 3 in 
which it is a ferrous-ascorbate complex which is really attacked 
by hydrogen peroxide, the products being hydroxy] radical and 
a species whose structure is a resonance hybrid of ferric-ascorbate 
and ferrous-(ascorbate anion radical). However, except for such 


possible modifications the mechanism outlined above seems 
highly probable, since it accommodates all of the evidence pres- 
ently available. 


Mechanism of Nonenzymatic Hydroxylation Reaction 
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SUMMARY 


1. A model hydroxylating system containing ascorbic acid has 
been reexamined, and it has been found that the previously re- 
ported ability of diketo compounds to replace ascorbic acid is 
incorrect. 

2. Examination of the evidence in the literature suggests that 
hydroxy] radical, not a more electrophilic species as had been 
proposed, is the hydroxylating species in this system, and further 
evidence is presented supporting this conclusion. » 

3. A simple mechanism is suggested for the reaction which 
accommodates the available data. 
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The purification of an amyloglucosidase of Aspergillus niger 
by an ion exchange chromatographic method was described in a 
recent publication from this laboratory (1). The purified en- 
zyme, like other preparations of amyloglucosidase (2-4), hy- 
drolyzed starch, maltose, and malto-oligosaccharides to glucose 
in yields approximating complete conversion. In order to effect 
a quantitative conversion of starch to glucose, the amyloglu- 
cosidase either is capable of hydrolyzing the a-p-(1 — 6) linkage 
as well as the a-p-(1 — 4) linkage in starch, or it is contaminated 
with an enzyme with a-p-(1 — 6) glucosidase activity. To test 
for a-p-(1 — 6) glucosidase activity in the purified amyloglu- 
cosidase, a number of glucosyl] oligosaccharides with a-p-(1 — 6) 
and a-p-(1 — 4) linkages were prepared and were subjected to 
the action of the amyloglucosidase. The products of enzyme 
action on these oligosaccharides were separated and identified 
by paper chromatography. Results of these experiments showed 
that the a-p-(1 — 6) linkage in the oligosaccharides was hydro- 
lyzed by the amyloglucosidase but at a rate considerably less 
than that for an a-p-(1 — 4) linkage in comparable oligosac- 
charides. That the hydrolysis of the a-p-(1 — 6) and the a-p- 
(1 — 4) linkages is effected by one enzyme is indicated by 
evidence from experiments on the pH optimum, temperature 
stability, paper electrophoresis, and the ratio of the two types of 
activities in the fractions from a cellulose ion exchange column. 

Oligosaccharides of which the reducing moieties were labeled 
with C" have been used to show that the initial attack of amylo- 
glucosidase results in the liberation of the glucose unit from the 
nonreducing end of the oligosaccharide molecule. These experi- 
ments showed further that the hydrolysis of the oligosaccharides 
occurs predominately as the result of a multi-chain mechanism. 
In the enzymatic digests of some of the oligosaccharides with 
a-p-(1 — 4) and a-p-(1 — 6) linkages, glucose was the only 
detectable product, whereas in digests of others, glucose and 
other reducing intermediates were detected. These differences 
in hydrolytic products from the various oligosaccharides are 
attributable in part to the different rates of hydrolysis of the 
a-p-(1 — 4) and the a-p-(1 — 6) glucosidic linkages and in part 
to the order of the linkages in the oligosaccharide molecule. 


* Published with the approval of the Director as paper No. 977, 
Journal Series, Nebraska Agricultural Experiment Station. Sup- 
ported in part by a grant from Miles Laboratories, Inc., Elkhart, 
Indiana. 


glucosylase of Aspergillus oryzae (5). 


EXPERIMENTAL 
Materials 


Amyloglucosidase—Takamine diazyme! was the source of the 
amyloglucosidase of A. niger. The amyloglucosidase was sepa- 
rated from the other carbohydrases in the diazyme by chroma- 
tography on a DEAE-cellulose ion exchange column as described 
previously (1). Solutions of purified amyloglucosidase contain- 
ing 80 or 400 units of activity per ml were employed for the 
experimental work reported in this paper. 

Oligosaccharides—Maltose free of other reducing compounds 
was isolated from a digest of starch with B-amylase as previously 
described (5). Maltose-1-C'* was prepared from glucose-1-C™ 
and cyclohexaamylose by use of Bacillus macerans amylase (6). 
Isomaltose was prepared from maltose with the use of the trans- 
Maltotriose was available 
in the laboratory and its preparation was described in an earlier 
publication (7). Panose, a-p-glucopyranosyl-(1 — 6)-a-p- 
glucopyranosyl-(1 — 4)-p-glucose (8) was provided several years 
ago by Dr. 8S. C. Pan (9). Isomaltotriose, a-p-glucopyranosyl- 
(1 — 6)-a-p-glucopyranosyl-(1 — 6)-p-glucose, was isolated from 
a partial acid hydrolysate of dextran by a chromatographic 
procedure (7). Isomaltotriose-1-C™ was prepared from glucose- 
1-C" and isomaltose with the aid of the transglucosylase of A. 
oryzae (7). 

A trisaccharide, isopanose, with the structure a-p-gluco- 
pyranosyl-(1 — 4)-a-p-glucopyranosyl-(1 — 6)-p-glucose and a 
tetrasaccharide, 4-a-p-glucosyl-panose with the structure a-p- 
glucopyranosyl-(1 — 4)-a-p-glucopyranosyl-(1 — 6)-a-p-gluco- 
pyranosyl-(1 — 4)-p-glucose, were prepared from isomaltose or 
panose and cyclohexaamylose by use of B. macerans amylase. 
The enzymatic procedure for these preparations was essentially 
that described by Summer and French (10). 

A tetrasaccharide, 6-a-p-glucosyl-maltotriose, with the struc- 
ture a-p-glucopyranosyl-(1 — 6)-a-p-glucopyranosyl-(1 — 4)- 
a-D-glucopyranosyl-(1 — 4)-p-glucose was prepared from malto- 
triose utilizing a transglucosylase of <A. niger (1). The 
transglucosylase of A. oryzae (5) was used to prepare 6-a-p-glu- 
cosyl-isopanose with the structure a-p-glucopyranosyl-(1 — 6)- 
a-pb-glucopyranosyl-(1 — 4)-a-p-glucopyranosyl-(1 — 6)-p- 
glucose from maltose and isopanose. The structures of the 
tetrasaccharides are indicated by paper chromatographic mobil- 


1 A generous supply of Takamine diazyme was provided by the 
Miles Chemical Company, Clifton, New Jersey. 
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ities, specificities of the enzymes used for the syntheses and 
identification of hydrolytic fragments from the oligosaccharides. 

Other Materials—Soluble starch from a commercial supplier 
was used in all experiments. Crystalline cyclohexaamylose, 
specific rotation +150°, was isolated from a digest of starch 
with B. macerans amylase by published methods (11). Methyl- 
a-p-glucoside was obtained in a highly pure form, m.p., 167° and 
specific rotation of +157°, by a preparative procedure involving 
chromatography on a cellulose powder column and crystallization 
from ethyl alcohol. Methyl-a-p-maltoside, specific rotation 


Hydrolysis of Oligosaccharides by Amyloglucosidase 
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+184° was obtained in chromatographically pure but amorphous 
form as_ previously described (12). Methyl-G-p-maltoside 
hydrate, m.p., 110° and specific rotation +84°, was provided by 
Dr. R. E. Reeves, School of Medicine, Louisiana State Univer- 
sity, New Orleans. 


Methods and Results 


Determination of Glucose—A micro method was employed for 
following the hydrolysis of the oligosaccharides (13). This 
method involves the separation of the glucose in the enzymatic 


Fic. 1. Multiple-ascent chromatograms of the reducing products in digests of isomaltose (A), isomaltotriose (B), maltotriose (C) 
and panose (D) with amyloglucosidase: G, glucose, G2, maltose; isoG2, isomaltose; isoG;, isomaltotriose; G3, maltotriose; P, panose; 


maltotetraose; R, reference compounds. 


- 
| 
r 
é 
f 
4 
S 
W 
3 
| Cit 
4 
i 
of 
a 
4 
in 
, 
a 
TIME ( ) | 
we 


February 1960 


digest of the oligosaccharide on a paper chromatogram, location 
of the glucose with copper sulfate spray reagent, extraction of 
the glucose spot with phosphomolybdic acid reagent and spectro- 
photometric measurement at 750 my of the color intensity in 
the solution. Blank corrections for an equivalent area of the 
same paper chromatogram containing no reducing sugar were 
employed. A calibration curve was prepared for pure glucose 
for values ranging from 20 to 120 wg of glucose. A sample of 
40 ug of glucose was used in all series of determinations to check 
the standard curve. 

Hydrolysis of Oligosaccharides by Amyloglucosidase—Samples 
of 0.05 ml of 0.3 m solution of maltose, isomaltose, maltotriose, 
or isomaltotriose were treated with an equal volume of enzyme 
solution of pH 4.8 and incubated at 30°. The enzyme solution 
employed for the maltose and the maltotriose digests contained 
80 units per ml whereas that employed for the isomaltose and 
the isomaltotriose digest contained 400 units per ml. The pro- 
duction of hydrolytic products as a function of time was followed 
by paper chromatographic methods. A photograph of repre- 
sentative chromatograms obtained for the digests of isomaltose, 
maltotriose, and isomaltotriose is shown in Fig. 1. A photograph 
of a chromatogram showing the production of glucose from 
maltose in a comparable experiment has been published (1). 

Comparison of the paper chromatograms of the maltose and 
isomaltose digests indicated that glucose was produced more 
rapidly from maltose than isomaltose by amyloglucosidase. 
Quantitative values for the concentration of glucose in a digest 
of maltose containing 0.15 mM maltose and 40 units of amylo- 
glucosidase per ml were obtained after incubation of the digest 
for 4 hours. The glucose concentration was also measured in a 
digest of isomaltose containing 0.15 m substrate and 200 units 
of amyloglucosidase per ml after an incubation period of 24 hours. 
The concentrations of maltose and isomaltose remaining in these 
digests were found to be 0.11 m for maltose and 0.12 m for 
isomaltose. On the basis-of these figures and the differences in 
incubation times and enzyme concentrations, it is calculated that 
the a-p-(1 — 4) linkage in maltose is hydrolyzed at about 30 
times the rate for an a-p-(1 — 6) linkage in isomaltose. A 
similar relationship holds for the hydrolysis of these two types 
of linkages in other oligosaccharides (see Fig. 1, BandC). This 
slow rate of hydrolysis of a-p-(1 — 6) bonds by amyloglucosidase 
was not detected in experiments with nonpurified fungal amylo- 
glucosidase reported by Nordin and French (14). 

Hydrolysis of Maltose and Isomaltose by Amyloglucosidase at 
varying pH Values—Samples of 0.05 ml of 0.45 m solutions of 
maltose or isomaltose were mixed with 0.05 ml of 0.1 m phosphate- 
citrate buffer of appropriate pH value (see Fig. 2) and 0.05 ml 
of enzyme solution of appropriate concentration (80 units per 
ml for maltose and 400 units per ml for isomaltose). After 
incubation periods of 4 and 24 hours, aliquots of the digests were 
analyzed for glucose by the method described in a previous sec- 
tion. In Fig. 2 are shown the relative activities of the enzyme 
on the two substrates at the various pH values. The highest 
activity on both substrates was obtained at pH 5.0 and this 
activity has been assigned a value of 100. 

Inactivation of Maltose- and I somaltose-hydrolyzing Activities of 
Amyloglucosidase by Temperature—Two series of samples of 0.1 
ml at pH 4.8 and containing 8 and 40 units of amyloglucosidase 
activity, respectively, were maintained at temperatures of 30, 40, 
50, 60, 65, 70, and 75° for exactly 30 minutes. When these 
were cooled to 30°, the first series was mixed with 0.05 ml of 
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Fic. 2. Hydrolysis of maltose and isomaltose at various pH 
values by amyloglucosidase. The maximal values were obtained 
at pH 5.0 and have been used for calculating the relative activity 
(%) of the enzyme at the other pH values. 
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Fic. 3. Hydrolysis of maltose and isomaltose by amyloglucosi- 
dase maintained at elevated temperatures for 30 minutes and as- 
sayed on the two substrates at 30°. The values for the enzyme 
solution maintained at 30° were used to calculate the relative 
activities (%) at the other temperatures. 


0.45 mM maltose and the second with 0.45 m isomaltose solution. 
The digests were analyzed for glucose after incubation at 30° for 
4 hours and 24 hours and the extent of hydrolysis of maltose and 
isomaltose was calculated. The activities of the enzyme solu- 
tions maintained at 30° on the maltose and isomaltose substrates 
were assigned the value of 100. The relative activities of the 
enzyme solutions maintained at the other temperatures were 
calculated and are shown in Fig. 3. The higher values for the 
solutions maintained at the 40° temperature indicate the upper 
limit of the variations that were obtained in the assay procedure. 

Paper Electrophoresis—The paper electrophoresis of the amylo- 
glucosidase was carried out in a Spinco model R cell with 0.1 m 
phosphate buffer of pH 7.6. The electrophoresis was effected at 
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a potential of 150 volts and a current of 10 ma for 7 hours. The 
amyloglucosidase was located on the paper strip by a bioassay 
procedure (1) and it had migrated as a single band a distance of 
5.0 to 7.0 cm towards the anode. Assays of 1.0 cm strips from 
the paper for a-p-(1 — 4) and a-p-(1 — 6) glucosidase activities 
showed identical distribution of the two activities on the paper 
strip. 

Maltose- and Isomaltose-hydrolyzing Activities in Fractions from 
Ion Exchange Column—lIn order to compare the chromatographic 
behavior of the two types of activities in the amyloglucosidase 
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Fic. 4. Maltose-hydrolyzing and isomaltose-hydrolyzing ac- 
tivities in fractions from a DEAE-cellulose column. 


TaBLeE 
Radioactivity (c.p.m.) of products in digest of isomaltotriose-1-C™ 
and amyloglucosidase 


Compound 
Time 
Glucose Isomaltose Isomaltotriose 

Ars. 

0 9 47 1945 

1 24 302 1690 

3 56 648 1342 

6 147 1065 825 

12 352 1378 328 
TaB_LeE II 
Hydrolysis of maltose-1-C'* in presence of isomaltose by 
amyloglucosidase 
Residual maltose concentration 
Time 
0 isomaltose 0.025 um isomaltose | 0.10 u isomaltose 

hrs. 
0 0.150 0.150 0.150 
0.5 0.139 0.140 0.142 
1 0.129 0.132 0.135 
2 0.117 0.119 0.122 
4 0.083 0.086 0.095 
8 0.034 0.037 0.050 
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preparation, the following experiment was performed. A sample 
of 25 ml of purified amyloglucosidase (400 units or 0.9 mg of 
protein per ml) buffered to pH 6.0 was introduced on a column 
of DEAE-cellulose ion exchange agent (1). The column wag 
washed with 100 ml of buffer of pH 6.0 followed by 100 ml of 
buffer of pH 4.0. Fractions of 5 ml were collected and assayed 
for amyloglucosidase activity by the bioassay procedure (1). 
Activity was detected in Tubes 16 to 21 in which pH values were 
5.1 to 4.7. The maltose- and isomaltose-hydrolyzing activities 
of the fractions were measured by the methods of the previous 
section. Fig. 4 shows the distribution of the two types of ac- 
tivities in these fractions. 

Hydrolysis of Isomaltotriose-1-C™ by Amyloglucosidase—A sam- 
ple of 0.05 ml of 0.3 m solution of isomaltotriose-1-C™ was treated 
with 0.05 ml of enzyme solution (20 units of activity) and incu- 
bated at 30°. Samples of 0.01 ml were removed for analysis 
after incubation periods of 0, 1, 3, 6, and 12 hours. Reducing 
sugars in these samples were separated and identified by paper 
chromatography. The radioactivities of the compounds in the 
digest were measured directly on the paper chromatograms and 
are shown in Table I. 

Hydrolysis of Maltose-1-C"* in Presence of Isomaltose by Amylo- 
glucosidase—In order to determine whether maltose and iso- 
maltose were hydrolyzed at the same site on the enzyme mole- 
cule, the effect of isomaltose on the rate of hydrolysis of maltose 
was studied. In these experiments, the final concentration of 
maltose-1-C'4 was 0.15 mM, of enzyme, 200 units per ml, and of 
isomaltose, 0, 0.025 m, and 0.1 m. After incubation for suit- 
able periods at 30°, the compounds in the digest were separated on 
paper chromatograms. The concentrations of maltose remain- 
ing in the reaction mixture were calculated from the radioactivity 
values of the maltose-1-C" and recorded in Table II. 

Hydrolysis of Methyl Glycosides of Glucose and Maltose by 
Amyloglucosidase—Samples of 0.1 ml of 0.2 m solution of methyl- 
a-p-glucoside, methyl-a-p-maltoside, or methyl-8-p-maltoside 
were treated with 0.1 ml of amyloglucosidase solution (40 units 
activity). The products in the digests were separated by paper 
chromatography. The reducing compounds were located by 
copper sulfate and molybdic acid spray reagents (13) and the 
nonreducing compounds by periodate-permanganate spray (15). 
Glucose was not produced in the digest of methyl-a-p-glucoside 
with amyloglucosidase even on prolonged incubation times, but 
was produced rapidly in digests of the methyl maltosides. The 
other products of enzyme action on the maltosides were methyl- 
a-p-glucoside and methy]l-6-p-glucoside. 

Hydrolysis of Oligosaccharides with a-p-(1 — 4) and a-p-(1 — 6) 
Linkages by Amyloglucosidase—Samples of 0.1 ml of 0.3 m solu- 
tion of panose, isopanose, or 6-a-p-glucosyl-maltotriose were 
treated with 0.1 ml of enzyme solution (total activity 8 units) 
buffered to pH 4.8 and incubated at 30°. Aliquots of the digest 
were removed for analysis after 0-, 4-, 1-, 3-, and 6-hour incuba- 
tion periods. Similar experiments were performed with 4-a-p- 
glucosyl-panose and 6-a-p-glucosyl isopanose with the use of 0.3 
m solutions of the substrates and an enzyme solution containing 
400 units of activity per ml. Photographs of typical chromato- 
grams obtained for these digests are shown in Figs. 1 and 5. 


DISCUSSION 


A number of reports (7, 16-18) have indicated that carbohy- 
drases of the a-glucosidase type can act on a range of structurally 
related substrates. The amyloglucosidase of A. niger is typical 
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Fig. 5. Multiple-ascent chromatograms of reducing products in digests of isopanose (A), 6-a-p-glucosyl-maltotriose (B), 6-a-D 
glucosyl-isopanose (C), and 4-a-p-glucosyl-panose (D) with amyloglucosidase: G, glucose; G2, maltose; isoG2, isomaltose; P, panose; 
isoP, isopanose; T, tetrasaccharide; R; and Re, reference compounds; 8, substrate without enzyme. 


of this class and is capable of hydrolyzing the a-p-(1 — 4) link- 
age and the a-p-(1 — 6) linkage in a variety of glucosyl oligo- 
saccharides. That the hydrolysis of the two types of linkages 
is effected by one enzyme is indicated by several types of evi- 
dence. First, identical pH-activity values (Fig. 2) were obtained 
for the hydrolysis of maltose and isomaltose with the purified 
amvloglucosidase; second, the inactivation of the maltose-hydro- 
lyzing activity by elevated temperatures paralleled the inactiva- 
tion of the isomaltose-hydrolyzing activity (Fig. 3); third, the 


two types of activities were located at the same area on paper 
electrophoretic strips; fourth, the ratio of the hydrolysis rate on 
the a-p-(1 — 4) bond in maltose and the a-p-(1 — 6) bond in 
isomaltose remained constant in the various fractions from the 
ion exchange column (Fig. 4). 

The values in Table I show that in the early stages of the reac- 
tion the amyloglucosidase hydrolyzes isomaltotriose-1-C" largely 
to glucose and isomaltose-1-C“. This hydrolysis pattern is 
identical to that observed earlier for the hydrolysis of malto- 
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oligosaccharides (1). Evidently the enzyme removes glucose 
units from the nonreducing ends of the substrates predominately 
by a multi-chain mechanism. Since isomaltose was a competi- 
tive inhibitor for the hydrolysis of maltose by amyloglucosidase 
(see Table II), the same site on the enzyme molecule is apparently 
involved in the hydrolysis of the a-p-(1 — 4) and a-p-(1 — 6) 
linkages. Methyl-a- or 6-p-maltosides fit the active site of the 
enzyme and they were hydrolyzed, but methyl-a-p-glucoside 
was not hydrolyzed by amyloglucosidase. 

Fig. 1 shows that whereas in digests of maltotriose and of 
isomaltotriose, glucose and maltose, and glucose and isomaltose 
were present, in a digest of panose, glucose was the only hydro- 
lytic product detected by paper chromatography. In view of 
the multi-chain action pattern of amyloglucosidase on the C'*- 
labeled oligosaccharides, the absence of maltose, as an intermedi- 
ate hydrolytic product, in a digest of panose was surprising. 
Since the a-p-(1 — 6) and the a-p-(1 — 4) linkages are hydro- 
lyzed at the same site on the enzyme molecule but at different 
rates, it is suggested that the characteristic pattern of hydrolysis 
of panose is attributable to the different rates of hydrolysis of 
the two types of linkages. Consequently, maltose which would 
be produced in the slow initial attack of the amyloglucosidase on 
the trisaccharide is itself rapidly hydrolyzed to glucose and does 
not accumulate in the digest. 

This difference in the rate of hydrolysis of the two types of 
bonds, the position of the a-p-(1 — 6) bond in the oligosaccharide 
molecule, and the fit of the oligosaccharide on the active site of 
the enzyme account for the differences in the nature of the hy- 
drolytic products from the other oligosaccharides tested. In a 
digest of isopanose (Fig. 5A), isomaltose appears as an interme- 
diate in the reaction. In a digest of 6-a-p-glucosyl-maltotriose 
(Fig. 5B), glucose is the only detectable hydrolytic product. 
Maltotriose and maltose, possible hydrolytic products from this 
compound, are themselves rapidly hydrolyzed by the enzyme and 
do not accumulate. In a digest of 4-a-p-glucosyl-panose (Fig. 
5D), glucose and panose appear in the reaction mixture. Finally, 
in a digest of 6-a-p-glucosyl-isopanose (Fig. 5C’), glucose and 
isomaltose are produced during the hydrolysis indicating that 
two glucose units are removed from this tetrasaccharide. The 
first, being an a-p-(1 — 6) linked unit, is removed slowly and 
the second, being an a-p-(1 — 4) linked unit, is removed rapidly. 
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SUMMARY 


Evidence from experiments on pH optimum, temperature 
inactivation, paper electrophoresis, and column chromatography 
showed that an amyloglucosidase of Aspergillus niger is capable 
of hydrolyzing the a-p-(1 — 4) linkage and the a-p-(1 — 6) 
linkage in a variety of glucosyl oligosaccharides. The minimum 
structural entity necessary in a substrate for amyloglucosidase 
is a glucosyl unit linked through an a-p-(1 — 4) or an a-p-(1 — 6) 
bond to a glucose moiety which may be free or substituted at 
position 1. The initial hydrolysis of a substrate by amyloglu- 
cosidase occurs at the nonreducing end and proceeds at a faster 
rate if the terminal unit is linked by an a-p-(1 — 4) linkage 
rather than an a-p-(1 — 6) linkage to the remainder of the 
oligosaccharide molecule. 
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Most of the cellulases studied to date have been of fungal 
origin. A limited number of investigations of the complexity 
and mode of action of bacterial cellulase systems from mixed 
cultures has been reported (1-4). Hulcher and King (5) ob- 
served that pure cultures of Cellvibrio gilvus degrade cellulose 
yielding cellobiose as the only detectable product of hydrolysis. 

Miller and Blum (6), Grimes e¢ al. (7), and Hash and King (8) 
have reported that a multiple enzyme system participates in the 
hydrolysis of cellulose by cultures of the mold Myrothectum 
verrucaria, but the differences in the specificity and mechanism 
of action of these components have not been clearly defined. 
Whitaker (9) has described a highly purified preparation from 
M. verrucaria which is capable of degrading cellulose to a mixture 
of cellobiose and glucose. 

Several workers studying M. verrucaria have reported the 
production of intermediate oligosaccharides during the cleavage 
of cellulose (8, 10-13), indicating that the hydrolysis of glucosidic 
linkages occurs internally. Random cleavage has also been 
suggested by Norkrans (14, 15) as the reason for the occurrence 
of relatively large changes in degree of polymerization (AD.P.) 
of the substrate concurrent with only a small amount of reducing 
sugar production (AR.S.). Whitaker (16), with the use of a 
purified enzyme, demonstrated a similar phenomenon with both 
native cellulose and several soluble oligoglucosides. In addition, 
Whitaker established that the terminal glycosidic linkages are 
less rapidly hydrolyzed than the internal linkages. 

There is little evidence of endwise cleavage of cellulose, al- 
though production of a single sugar as end product without 
detectable intermediates has been interpreted by several workers 
to indicate an endwise mechanism (5, 17-19). Walseth (17) 
has observed a low AD.P. and high AR.S. with cellulase from 
Aspergillus niger in the breakdown of cellulose, and suggested 
that these data were probably caused by an endwise attack on 
the substrate. 

The present report concerns the purification and mode of action 
of cellulases from C. gilvus which appear to remove successive 
cellobiosyl units from the substrate. The relationship between 
depolymerization of substrate and release of reducing sugars 
has been examined with both the random-cleaving enzymes of 
M. verrucaria and the purified enzymes from C. gilvus. 


EXPERIMENTAL 
Materials and Methods 


Enzyme Preparations—Enzymes were obtained from culture 
filtrates of C. gilvus grown in 2 liter batches of cellulose broth as 


* Supported in part by a grant-in-aid from the National Insti- 
tutes of Health, Bethesda, Maryland. 


described by Hulcher and King (5). The culture filtrates were 
cleared of cells and residual cellulose by centrifugation at 17,300 
< g for 15 minutes, concentrated 10-fold under reduced pressure, 
dialyzed against cold, running tap water for 6 to 8 hours, con- 
centrated an additional 10-fold, dialyzed as before, cleared by 
centrifugation, and lyophylized. The dry tan colored powder 
(yield of 2.0 to 2.2 g per liter) was stored in a desiccator over 
calcium sulfate at —18° and used as the crude enzyme source. 

Assays of Enzymatic Activity—The viscosimetric assay was 
that of King (2). The reducing sugar assay was that of Hash 
and King (8). 

Purification Procedures—Starch electrophoresis was conducted 
with an apparatus similar to that described by Raacke (20) with 
starch (potato, powder, purified grade, Baker). Wicks, four 
thicknesses of Whatman No. 3MM filter paper, 3.6 x 10.0 cm, 
were held firmly against the ends of the starch bed with glass 
slides by means of rubber bands. A strip of Parafilm! was 
pressed firmly over the starch bed to minimize evaporation. 
The electrode vessels consisted of the base of a model R Spinco 
paper electrophoresis cell. Buffer was recirculated (model T8, 
Sigmamotor pump) between the electrodes to eliminate pH 
changes resulting from electrolysis of the buffer. 

After 12 hours of equilibration with recirculating buffer, the 
sample was dissolved in 1.0 ml of buffer and cleared by centrif- 
ugation. The centrifugate was made up to a thick slurry with 
starch and was placed in a 0.5-cm slot across the starch bed near 
the cathode end. The remainder of the slot was filled with 
starch which had been removed in making the slot. 

The power source for electrophoresis was a Spinco model B 
Duostat adjusted to a constant voltage of 11 volts per cm. 
Barbiturate buffer, pH 8.5, r/2 = 0.06 or acetate buffer pH 5.1, 
r/2 = 0.05 was used in all electrophoresis experiments. At 
constant voltage the current increase during the separation 
ranged from 0 to 10%. Electroendosmosis ranged from 2 to 3 
cm towards the cathode when measured with 1,3,5-trinitro- 
benzene as a marker. 

After separation at 3° the starch bed was cut into 1 cm sections 
and each section was eluted with 2.0 ml of 0.05 m phosphate 
buffer, pH 7.0. The eluate of each section was analyzed for 
protein (21) and assayed for enzyme activity. 

Intrinsic Viscosity Determination—Intrinsic viscosities, [n], 
were determined with 2- to 20-fold dilutions of a 2.0% solution of 
carboxymethyl] cellulose (CMC-70-L of degree of polymeriza- 
tion = 125).2 From the specific viscosities, (74, = (are1 —1)) 


1 Trade name for paraffin sheet, Fisher Scientific Company. 
2 Provided through the courtesy of Hercules Powder Company, 
Inc., Wilmington 99, Delaware. 
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of each dilution, the log (7.,/c) was plotted against c (c = g per 
100 ml). The intrinsic viscosity, [7], was obtained by extra- 
polating the straight line plot to zero concentration. Reference 
was made to this graph for determining the [ny] of residual sub- 
strates during kinetic studies. 

Small Scale Reactions—Reaction vessels of 300 ul volume were 
employed in enzymatic hydrolysis of the lower oligoglucosides. 
Pyrex glass tubing of 8 mm (outside diameter) was drawn out to 
capillaries 1 mm (outside diameter) on each end of a 1 em section. 
Fifty microliters of toluene-saturated enzyme solution, and then 
100 yl of substrate were drawn into the bulb. The solutions 
were mixed by gently sucking air through the mixture. Both 
ends of the capillaries were then sealed in a flame. After incuba- 
tion the tips were broken off and the entire sample was applied 
to the Whatman No. 3MM chromatography papers in small 
aliquots. 

The paper chromatographic procedures and indicator sprays 
used were described by Hash and King (8). 
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Fic. 1. Effect of pH on the activity of crude and purified cellu- 
lases. With approximately 30 units of enzyme per ml of substrate 
and incubating for 1 hour at 37° at the pH levels indicated, the 
production of reducing sugars was measured. [, II, III, and IV 
represent the electrophoretically resolved components in order of 
increasing mobility. 
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Fia. 2. Enzyme X time relationship of crude enzyme. Product 
of enzyme X time was 2 mg minutes. R.S. = reducing sugar. 
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Reagent grade chemicals were used throughout except that 
chromatographically pure cellotriose, cellotetraose, cellopentaose, 
and cellohexaose were prepared from an acid hydrolysate of 
cellulose (8). Identification of the oligosaccharides was based 


1 
on R,, values E 6 —_ 1)| with a pyridine-water-n-butanol 
F 


solvent (1:1:1 volume per volume), total conversion to glucose 
after acid hydrolysis, and on the color reaction specific for 8-1 ,4- 
glucosides when paper chromatograms were sprayed with aniline- 
diphenylamine-phosphoric acid reagent (8). 


RESULTS 


Characteristics of Crude Filtrates—With the reducing sugar 
assay the crude enzyme was found to be stable for 1 hour over 
a pH range of 5.0 to 8.5. A pH optimum at 5.9 to 6.0 was ob- 
served as shown in Fig. 1. Temperature stability data, obtained 
after 1-hour tests, indicated that the crude enzyme was stable 
at 37°, approximately 30% labile at 47°, and inactivated at 55°. 


Aseptic incubation of the crude enzyme with cellulose powder | 


(Solka Floc, Brown Company) for 14 days at pH 7.0 resulted in 
the production of only cellobiose as indicated by paper chroma- 
tographic analysis of the supernatant. The increased activity 
of the enzyme as it was diluted in the enzyme-time study shown 
in Fig. 2 demonstrates the presence of an inhibitor in the crude 
enzyme preparation. 

Purification of Enzymes—Several methods of purification were 
evaluated. Ethyl alcohol fractionations (22) resulted in losses 
of up to 50% of the activity. Fractionations were carried out 
at alcohol concentrations of 0 to 70% (volume per volume) at 
pH levels of 5.0 and 6.0 and at 3° except during manipulation of 
the tubes. Whether the loss was caused by brief exposure to 
room temperatures, denaturation by the alcohol, or some other 
factor was not determined. 

Fractional precipitation with ammonium sulfate (22) indicated 
at least two active protein components in the crude filtrates. 
The fractionations were carried out at pH levels of 4.0, 5.0, 6.0, 
7.0, and 8.0 and at salt concentrations of 10, 20, 30, 40, 50, 60, 
and 70% saturation at 3°. At pH 8.0 there appeared to be three 
distinct components and a 6-fold increase in specific activity of 
one component. 

Purification by selective adsorption on cellulose (Whatman 
Cellulose Powder, standard grade) and calcium phosphate gel 
(23) was attempted. In the cellulose adsorption experiments 
1.0 ml of a 1% solution of crude cellulase at pH levels of 3.0, 5.0, 
6.0, 7.0, and 8.0 in 0.05 m phosphate buffer was shaken for 15 
minutes with 5, 50, and 100 mg of adsorbent. The tubes were 
cleared by centrifugation and the supernatant was assayed 
viscosimetrically and analyzed for protein. Approximately 90% 
of the protein in the crude filtrate was recovered in the superna- 
tants. The results are recorded in Fig. 3. Calcium phosphate 
adsorption with a 1 to 1 ratio of protein to calcium phosphate 
gave evidence at pH 6.0 that the same activation of enzyme or 
removal of inhibitor was taking place as observed in the cellulose 
adsorption experiment. 

Starch zone electrophoresis resulted in recoveries of 75 to 100% 
after 8 hours of separation. A typical distribution pattern is 
shown in Fig. 4. The relative amounts of each component 
varied between filtrates from different cultures but were relatively 
constant for a given filtrate. Each of the components demon- 
strated reproducible mobility when resubjected to electrophoresis 
with the exception of Component III in which case a small 
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component migrated as it had in the original separation and a 
major peak appeared with a mobility slightly greater than that 
of Component IT. 

Evidence that an inhibitor was present in the crude filtrates 
limits the significance of recovery data throughout these experi- 
ments. 

Characteristics of Purified Components—The pH optima of the 
individual components are recorded in Fig. 1. In an attempt to 
determine if the difference between the pH optima of the purified 
components and that of the crude enzyme were a result of 
synergism between the components or of the inhibitor, the 
following experiment was conducted. <A mixture of the purified 
components reconstituted to resemble their relative concentra- 
tions in the crude filtrate was assayed to determine the pH 
optimum. In parallel, similar mixtures were also assayed in 
the presence of 0.08 ml of a 1.0% solution of heat-inactivated 
crude enzyme from which the precipitated protein had been 
removed by centrifugation. 

The results of this experiment are recorded in Fig. 5. 

Native cellulose was hydrolyzed at barely detectable rates by 
either the crude filtrates or the purified fractions, but hydrolysis 
of alkali-swollen cellulose by the purified components yielded 
large amounts of cellobiose identified by paper chromatography. 
Fraction III produced a trace of glucose in addition to the 
cellobiose. No detectable cellobiase activity was associated 
with any section of the entire electrophoresis bed. 

Action of Purified Components on Lower Oligoglucosides—Each 
of the purified components (I, 250 units; II, 250 units; III, 25 
units; and IV, 25 units) was incubated aseptically with cellobiose 
(2.7 wmoles), cellotetraose (5.7 umoles), cellopentaose (4.9 
pmoles), and cellohexaose (7.2 wmoles) for 25 hours. No appar- 
ent hydrolysis of cellobiose or cellotetraose resulted. Cellobiose 
and glucose in a mole ratio of approximately 2 to 1 were chroma- 
tographically identified as degradation products from cello- 
pentaose. Only cellobiose was produced from cellohexaose 
through the action of each of the components. 

Kinetics of Cellulases—The kinetics of A [n] and ARS. with 
each of the four purified components of the cellulase system were 
investigated with the results shown in Fig. 6. With these prep- 
arations log (A [n]) was proportional to log (AR.S.). 

Similar kinetic studies were made with a purified, cellobiase- 
free, cellulase from M. verrucaria (Fraction No. 12 of the chroma- 
tographic preparation of Hash and King (8)) which showed a 
linear relationship between log (AR.S.) and A [ny] as seen in 
Fig. 7. 

Data of other random-cleaving systems demonstrated a similar 
log-linear relationship between AR.S. and AD.P. as shown in 
Fig. 8 for enzymic hydrolysis and in Fig. 9 for hydrolysis by 
phosphoric acid. It is generally assumed that [y] and the degree 
of polymerization are proportional, although the proportionality 
constants are not established. 


DISCUSSION 


There appear to be no major differences in the function of the 
four resolved components. In each case the optimum pH was 
between 7.0 and 7.5. Each of the components possessed similar 
hydrolytic properties. The unstable mobility of Component 
JIT suggests that it may be converted to Component II by 
polymerization. 

The fact that cellobiose was the only detectable product of 
the action of the crude enzyme and each of the purified compo- 
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Fic. 5. Effect of pH on activity of recombined purified com- 
ponents (O——O) and of the addition of heat-inactivated, crude 
enzyme (A——A). R.S. = reducing sugar. 


lat 
SE 
of 
ol 
a 
4. 
e- 
4 
50 
ar | 
d 
le 
r 
e 
| 
| 
4 
| 
| 
yum 


306 

x 09 a 

5S 
© 

oO 

0.7L 

1.0 1.4 18 


LOG (py MOLES R.S. PER 100 ML.) 


Fic. 6. Kinetics of C. gilvus cellulases. Enzyme (100 to 150 
units in 1.0 ml of H:O) was mixed with 10 ml of 2.0% carboxy- 
methyl cellulose (CMC-70-L)? in 0.05 mM potassium phosphate 
buffer at pH 7.0 and mixed quickly. Then 4.0 ml of the reaction 
mixture were taken for measurement of viscosity and 1.0 ml of 
reaction mixture was taken for reducing sugar (R.S.) analysis. 
At zero time and 10-minute intervals thereafter similar samples 
were taken for reducing sugar analysis simultaneous to the meas- 
urement of viscosity. 


LOG AR.S. 


A 


Fic. 7. Kinetics of a purified M. verrucaria cellulase. Pro- 
cedure was same as in Fig. 6 except that 106 units of cellulase in 3.5 
ml of HO were mixed with 11.5 ml of substrate and viscosity and 
reducing sugar (R.S.) values were obtained every 10 minutes for 
80 minutes. 


nents on cellulose is indicative of an endwise cleaving mechanism. 
The 2 to 1 mole ratio of cellobiose and glucose in the products of 
the hydrolysis of cellopentaose and of only cellobiose from the 
hydrolysis of cellohexaose by each of the purified components is 
also indicative of an endwise mechanism of attack. A random 
cleaving enzyme would be expected to produce some glucose 
from cellohexaose. In addition, the relative rates of depolymeri- 
zation of substrate and of reducing sugar release by the enzymes 
from C. gilvus and those from systems known to cleave randomly 
are distinctly different, but the theoretical basis for these differ- 
ences is not clear. 
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Fig. 8. Kinetics of a purified M. verrucaria cellulase. Calcu- 
lated from data from Fig. 1 and Fig. 2 of Whitaker (16) describing 
the weight average degree of polymerization (D.P.) and mmoles 
of reducing end groups produced. 


LOG 
oO 


@ 


40 50 


30 
4Q D.P. 


Fig. 9. Kinetics of hydrolysis of regenerated hydrocellulose by 
phosphoric acid. Calculated from data in Tables II and V of 
Martin and Pacsu (24) describing percentage reducing sugars and 
combined average degree of polymerization (D.P.). 


The differences in the slopes of the curves in Fig. 6 may be 
indicative of the mode of endwise attack (25). The slope of these 
curves would depend upon the number of hydrolytic events 
associated with formation of a single enzyme-substrate complex. 
If a single substrate molecule were completely hydrolyzed after 
formation of each enzyme-substrate complex, a slope of zero 
would result. Of the four components, IV shows the greatest 
tendency in this direction, and II the least. The data do not 
allow calculation of the specific number of cleavages per enzyme 
attachment because of uncertainties regarding the size distribu- 
tion of the substrate molecules. 

Cellotetraose was not detectably hydrolyzed and cellohexaose 
appeared to be hydrolyzed more rapidiy than cellopentaose by 
the purified components. This suggests that the enzymes have 
greatest affinity for the higher oligoglucosides. It is not clear, 
however, why cellotetraose failed to be hydrolyzed. Whitaker 
(26) observed that the turnover number of a purified M. verru- 
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caria cellulase increased with the degree of polymerization of 
oligoglucosides containing from 2 to 6 glucosyl units. 

The limited rate of hydrolysis of native cellulose is indicative 
that some factor other than the four components described here 
participates in the utilization of cellulose by growing cultures. 

The adsorption data, Fig. 3, and the enzyme-time relationship, 
Fig. 2, demonstrate the presence of an inhibitor in the crude 
enzyme. ‘The inhibitor appears to be heat labile from the data 
in Fig. 5. The increased activity after the addition of the heat- 
treated crude enzyme in Fig. 5 and the bimodal curve seen in 
Fig. 2 possibly reflect the effect of a heat-stable cofactor or 
activator. 

Synergism does not appear to offer an explanation of the differ- 
ence between the pH optima of the crude enzyme and the purified 
components. The possibility that an inhibitor may cause this 
shift in pH optimum has not been investigated. 


SUMMARY 


Data from ammonium sulfate fractionation and from starch 
zone electrophoresis yielded evidence of the multiplicity of the 
cellulase system of Cellubrio gilvus. Four distinct cellulase 
components have been isolated and their mechanisms of action 
have been studied. 

Several lines of evidence indicated that the cellulase system 
removed terminal cellobiosyl units. The production of cellobiose 
as the only detectable degradation product of cellulose by the 
crude filtrates and the production of a 2 to 1 mole ratio of cello- 
biose and glucose from cellopentaose and of only cellobiose from 
cellohexaose through the action of each of the purified compo- 
nents support the endwise theory. Furthermore, the relation- 
ship of the change in the production of reducing sugars to the 
change in the degree of polymerization during the action of the 
Cellvibrio cellulases is distinctly different from that of systems 
known to cleave the substrate internally. 

The presence of an unidentified inhibitor in the crude enzyme 
preparation has been demonstrated. 
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Yeast uridine diphosphate galactose-4-epimerase, an adaptive 
enzyme which catalyzes the reversible interconversion of UDP- 
galactose and UDP-glucose (1-3), differs in many ways from the 
mammalian 4-epimerase (4-6). The enzyme purified from calf 
liver requires small amounts of diphosphopyridine nucleotide and 
is inhibited by reduced diphosphopyridine nucleotide. In con- 
trast, the enzyme purified from galactose-adapted yeast (6) is 
not stimulated by DPN nor is it inhibited by DPNH. In a 
previous article (6) we reported a close correlation, during purifi- 
cation of the yeast enzyme, between enzymic activity and a blue 
fluorescent protein. Both the activation and the emission fluo- 
rescence spectra of the protein corresponded to that of free 
DPNH. Yeast grown on glucose contained only traces of epimer- 
ase activity and correspondingly small amounts of the fluorescent 
protein. The addition of p-chloromercuribenzoate to the purified 
yeast epimerase caused a disappearance of fluorescence and a loss 
of enzymic activity. Activity, but not fluorescence, could be 
restored by the addition of DPN and cysteine, but not by cys- 
teine alone. It was suggested that purified yeast epimerase con- 
tains tightly bound DPN, perhaps bound in a manner in which it 
fluoresces with the characteristics of free DPNH. 

In the present report an improved method for the purification 
of the enzyme from galactose-adapted yeast is presented. The 
purified enzyme is shown by three independent methods to con- 
tain bound DPN. After treatment with p-chloromercuriben- 
zoate, the enzyme can be partially reactivated by DPN but not 
by DPNH. Like the same enzyme from liver (7) and from 
Lactobacillus bulgaricus (8, 9), the yeast enzyme does not cata- 
lyze the incorporation of tritium from tritiated water into the 
sugar, nor does it bring about incorporation of tritium into the 
hexose from DPNH labeled in both para positions. 


EXVERIMENTAL 


Materialsa—DPN, DPNH, UDP-glucose, and p-chloromer- 
curibenzoate were purchased from the Sigma Chemical Company. 
UDP-galactose was prepared enzymatically from UDP-glucose 
and galactose-1-P as previously described (10). N,N-diethyl- 
aminoethyl cellulose (DEAE-cellulose) was obtained from the 
Eastman Kodak Company. Tritiated water with a specific activ- 
ity of 100 mc per ml was obtained from Tracerlab, Inc. DPNH 
labeled in both para positions was prepared by reduction of DPN 
with sodium hydrosulfite (11) in the presence of tritiated water. 


* Present address, Laboratoire de Genetique Physiologique, 
C.N.R.S. Gif-sur-Yvette (Seine-et-Oise), France. 


Crystalline lactic and alcohol dehydrogenases were obtained 
from The Worthington Biochemical Corporation. Purified 
Neurospora DPNase was a gift from Mr. Francis Stolzenbach, 
Johns Hopkins University. 

Analytwcal Methods—Spectrophotometric measurements were 
made with a Beckman model DU spectrophotometer adapted 
by means of a pinhole filter for use with a volume of 0.5 ml ina 
1.0-cm silica cell. Fluorometric determinations were made in 
an Aminco-Bowman spectrophotofluorometer. Radioactivity 
was measured in a Packard Instrument Company Tri-Carb 
liquid scintillation counter. The counting solution consisted of 
8 ml of toluene containing 40 mg of diphenyloxazole per 100 ml, 
1.9 ml of absolute ethanol, and 0.1 ml of aqueous solution of the 
sample to be counted. 

Protein-bound DPN in the fractions from DEAE-cellulose 
chromatography was determined by a slight modification of the 
methyl ethyl ketone method (12). Two aliquots of 0.2 ml of 
each selected fraction were assayed. One aliquot, which served 
as the control, was incubated at 37° for 2 hours with an excess 
of Neurospora DPNase before analysis. Bound DPN in the 
same or similar fractions was further identified following adsorp- 
tion and elution from charcoal. Selected pooled fractions were 
concentrated by lyophilization and adjusted to pH 3 by the addi- 
tion of 1 N HCl. Darco KB (10 mg) was added. The suspen- 
sion was stirred for 45 minutes, centrifuged, and the residue 
washed once with 0.001 n HCl. Adsorbed nucleotides were 
eluted with 5 ml of 50% ethanol containing 1 ml of concentrated 
NH,OH per liter. DPN in the concentrated Darco eluate was 
detected either by activation of calf liver UDP-galactose-4-epi- 
merase (5) or by the disappearance of pyruvate in a coupled 
enzymic system! containing pyruvate, lactic dehydrogenase, al- 
cohol, and alcohol dehydrogenase in which DPN was made 
limiting. Pyruvate remaining was determined spectrophoto- 
metrically with lactic dehydrogenase and DPNH. 

Protein was determined by the method of Lowry et al. (13). 

UDP-galactose-4-epimerase was assayed spectrophotometri- 
cally as described previously (5). The rate of DPNH formation 
was determined in a system containing UDP-galactose, DPN, 
and an excess of UDP-glucose dehydrogenase (15). A unit of 
activity is defined as the amount of enzyme required to give an 


1 This method was suggested by Dr. B. L. Horecker. A similar 
system, with glucose and glucose dehydrogenase instead of alcohol 
and alcohol dehydrogenase, was used by Burma and Horecker (14) 
in studies of L-ribulose 5-phosphate 4-epimerase. 
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increase in optical density at 340 my of 0.001 per minute. When 
the effect of DPN on the reaction was investigated, the enzyme 
was preincubated with UDP-galactose in the presence or ab- 
sence of DPN. The reaction was stopped by the addition of 
2 volumes of chloroform.2, The amount of UDP-glucose formed 
was determined in the inactivated mixture by the addition of 
UDP-glucose dehydrogenase and DPN. 


Purification of Enzyme 


Growth of Yeast—Saccharomyces fragilis (American Type Cul- 
ture Collection No. 10022) was adapted to galactose by growth 
in a medium containing 15 g of yeast extract (Difco), 1.8 g of 
(NH4)2SOx, 1.5 g of KH2PO, and 75 g of galactose in a final vol- 
ume of 1500 ml of medium. About 100 ml of a 24-hour culture 
of adapted cells were inoculated into each of 12 6-liter flasks 
containing 1500 ml of the same medium. The cultures were 
incubated at room temperature with shaking for 24 hours. Cells 
were harvested in a Sharples centrifuge. 

Preparation of Cell-free Extract—The wet cell mass (310 g) 
was suspended in a final volume of 1 liter of 0.1 m glycine, pH 
6.5. Cells were broken by a 30-second exposure in a Nossal 
disintegrator (16). In each Nossal tube, 9 ml of the cell sus- 
pension and 8 g of acid-washed glass beads (Minnesota Mining 
and Manufacturing Company, St. Paul, Minnesota No. 150 
(75 w)) were used. This procedure was carried out in a —10° 
room, and the cell suspension was kept just above freezing. All 
subsequent procedures were carried out at 3-5°, except when 
otherwise noted. | 

The broken cell suspension was centrifuged at high speed in a 
Lourdes model SL centrifuge. The yield of cell-free supernatant 
fluid was 590 ml. 

Removal of Nucletc Acid—Nucleic acid was removed by auto- 
lytic digestion as suggested by P. Berg and W. E. Razzell.2 To 
the cell-free extract were added 60 ml of 1 mM potassium phosphate 
buffer, pH 7.0. The preparation was incubated at 37° for 2 
hours and then it was frozen and stored overnight. 

Precipitation with Ammonium Sulfate (0 to 50% Saturated)— 
The solution was made 50% saturated by the addition of 175 
g of ammonium sulfate to 600 ml of solution. The precipitate 
was centrifuged, dissolved in distilled water, and made up to a 
final volume of 100 ml. 

Precipitation with Ammonium Sulfate (35 to 50% Saturated) — 
The concentration of ammonium sulfate in the dissolved precip- 
itate was determined with the use of a Barnstead purity meter 
(Barnstead Still and Sterilizer Company), and the solution was 
found to be 9% saturated. To the solution were added 13.9 g 
of ammonium sulfate. The precipitate was centrifuged and dis- 
carded. An additional 8.7 g of ammonium sulfate were added 
to the supernatant fluid. The precipitate was centrifuged and 
dissolved in 15 ml of distilled water. 

Chromatography on DEA E-cellulose—The solution was dialyzed 
for 24 hours against 4 liters of distilled water containing 1 ml of 
mercaptoethanol. The dialyzed solution which contained 225 
mg of protein was put on a column 2.5 cm in diameter containing 
> g of water-washed DEAE-cellulose. Continuous gradient 
elution of the protein was carried out. The mixing flask con- 


? In earlier experiments inactivation was carried out by heating. 
Under certain conditions, in the presence of cysteine, the enzyme 
appeared to be slowly reactivated even after boiling for 2 minutes. 
Inactivation with chloroform gave more reproducible results. 

Personal communication. 
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TABLE I 


Purification of UDP-galactose-4-epimerase from glactose adapted 
Saccharomyces fragilis 


Fraction — x Specific Activity 
units/mg of pro- 
tein X 1074 
Ammonium sulfate I.................. 16 1.8 
Ammonium sulfate II................. 17 y 
DEAE cellulose eluate................ 23 50 
Ammonium sulfate III................ 22 75 


tained 500 ml of a solution of 0.05 m glycylglycine pH 6.0 in 
0.05 m NaCl. The reservoir contained 500 ml of 0.05 m glycine 
pH 9.0 in 0.6 m sodium chloride solution. Both buffers were 
adjusted to the desired pH with NaOH. The rate of flow was 
about 1.5 ml per minute and 10-ml fractions were collected. 
The fractions from the column were examined for fluorescence 
at 450 my with an activation wave length of 350 mu. Fractions 
34 through 50 were found to contain the bulk of the fluorescent 
protein. It was not necessary to assay the separate fractions for 
enzymic activity in preparative runs because of the close corre- 
lation between fluorescence and activity (6). Fractions 34 
through 50 were pooled and concentrated by lyophylization to 
a volume of 45 ml. 

Precipitation with Ammonium Sulfate—A saturated solution of 
ammonium sulfate (140 ml) was added to the concentrated pooled 
sample. The precipitate was centrifuged and dissolved in 6 ml 
of 0.25 m glycylglycine buffer, pH 7.5. 

As shown in Table I, this procedure resulted in 150-fold puri- 
fication with complete recovery of activity. Although the de- 
gree of purification is about the same as that reported for the 
same enzyme from calf liver (5), the yeast enzyme has a specific 
activity about five times higher. 


RESULTS 


Properties of the Enzyme—The purified enzyme can be stored 
at —20°, either as a solution in glycylglycine buffer or as the 
lyophylized powder, for at least 2 months without significant 
loss of activity. The preparation is sufficiently free of contam- 
inating enzymes to be used, in conjunction with UDP-glucose 
dehydrogenase and DPN, for the determination of UDP-galac- 
tose (17-19) in crude preparations such as red blood cell homog- 
enates. The enzyme has a broad pH optimum between 8 and 
9.5. At equilibrium the ratio of UDP-glucose to UDP-galactose 
is about 3:1. The ratio agrees with that reported by Leloir (1) 
and is the same as that observed with liver UDP-galactose-4- 
epimerase. 

Identification of Protein-bound DPN—The results of an ex- 
periment in which enzymic activity, fluorescence at 450 my, and 
DPN content were determined on selected fractions from DEAE- 
cellulose chromatography are shown in Fig. 1. The close corre- 
lation between enzymic activity and fluorescence has been re- 
ported previously (6). The present data show that DPN, as 
determined here by the methyl ethyl ketone procedure, also 
correlates closely with enzymic activity. The most active frac- 
tion contained about 0.3 umole of DPN per 100 mg of protein. 

Fractions 46 through 53 were pooled and concentrated. The 
methyl ethyl ketone method indicated a total DPN content of 
0.012 umole in the pooled sample. A Darco eluate was prepared 
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Fic. 1. Fluorescence, DPN content, and UDP-galactose-4-epi- 
merase activity of fractions collected from DEAE-cellulose chro- 
matography. Fluorescence was measured at 450 my with an acti- 
vation wave length of 340 mu. DPN was determined by the 


methy] ethyl ketone method. 


TaBLeE II 
Identification of protein-bound DPN by pyruvate disappearance 


Preincubation mixture contained 20 wl of 95% ethanol, 0.25 
ymole of sodium pyruvate, a large excess of lactic and alcohol 
dehydrogenases, and either known amounts of DPN or aliquots 
of the solution to be analyzed, in a total volume of 0.2 ml of 0.01 
mM phosphate buffer pH 7.4. Incubation was at room temperature 
for 20 minutes. Inactivation was accomplished by boiling 3 min- 


utes. Pyruvate remaining was determined spectrophotometri- 
cally by the addition of DPNH and fresh lactic dehydrogenase. 
Additions Pyruvate reduced 
pmole 
0.072 
Darco eluate 46-53 (25 yul)................... 0.092 
Darco eluate 46-53 (50 0.160 


as described under “Methods” and concentrated to a volume of 
0.2 ml. Aliquots were analyzed for DPN in the coupled enzymic 
system already described. Results are shown in Table II. The 
total amount of DPN in the Darco eluate as estimated by this 
method is approximately 0.006 umole, about 50% of the value 
obtained for the untreated pooled sample with the methyl] ethyl 
ketone procedure. The coupled enzymic assay responds to both 
DPN and DPNH, whereas the methyl ethyl ketone procedure is 
specific for oxidized pyridinium compounds. Any DPNH pres- 
ent would, however, have been destroyed under the conditions 
used to prepare the Darco eluate. _ 

In another experiment, Darco eluates were prepared from four 
samples of pooled fractions from DEAE-cellulose chromatog- 
raphy. Samples 2 and 3 contained most of the UDP-galactose- 
4-epimerase activity. Samples 1 and 4 were eluted from the 
column immediately before and after the enzymically active 
fractions. All four samples were examined for DPN with, as an 
assay, the specific stimulatory effect of DPN on purified calf 
liver UDP-galactose-4-epimerase (5). Results are shown in 


Yeast UDP-galactose-4-epimerase 


TABLE III 


Identification of protein-bound DPN by activation of calf liver 
U DP-galactose-4-epimerase 

Preincubation mixture contained 0.06 umole of UDP-galactose, 
10 wg of purified calf liver UDP-galactose-4-epimerase, and either 
known amounts of DPN or aliquots of the Darco eluate under 
examination, in a total volume of 0.5 ml of 0.1 mM glycine buffer pH 
8.8. Incubation was at room temperature for 10 minutes. Inac- 
tivation was accomplished by boiling 1 minute. The amount of 
UDP-glucose formed was determined spectrophotometrically by 
the addition of DPN and UDP-glucose dehydrogenase. 


Additions UDP-glucose formed 
mpmoles 


Table III. The amount of UDP-glucose formed is proportional 
to DPN concentration over a relatively narrow range, but a 
rough estimate of the amount of DPN in Samples 2 and 3 gave 
values of about 0.2 mumoles per ml of original solution of en- 
zyme, or 0.2 umole per 100 mg of protein. Samples 1 and 4 
contained no detectable DPN. 

Reactivation of p-Chloromercuribenzoate-treated Enzyme—As 
previously reported (6), treatment of purified yeast UDP-galac- 
tose-4-epimerase with p-chloromercuribenzoate caused a disap- 
pearance of fluorescence. Reprecipitated mercurial-treated en- 
zyme was inactive. Activity, but not fluorescence, could be 
restored by the addition of cysteine plus DPN but not by cys- 
teine alone. Since the material seemingly removed by p-chloro- 
mercuribenzoate treatment fluoresced when it was protein-bound 
with the characteristics of DPNH, the investigation has been 
extended to determine nucleotide specificity of reactivation. 
Results are shown in Table IV. Of the nucleotides tested, only 
DPN, not DPNH, brought about reactivation. The maximum 
rate of reaction obtainable after p-chloromercuribenzoate treat- 
ment was about 20% of the rate observed with untreated enzyme. 
The concentration of DPN required for half maximal activity 
was of the order of 10-5 m. 

Experiments with Tritiated Water and Tritiated DPN H—In an 
effort to elucidate the mechanism of the reaction, experiments 
similar to those previously reported (5, 7-9) with other UDP- 
galactose-4-epimerase preparations were performed with the 
purified yeast enzyme. As in the experiments with liver UDP- 
galactose-4-epimerase (7) and with the preparation from L. bul- 
garicus (8, 9), no tritium was introduced into the sugar when 
the reaction was allowed to proceed for extended periods of time 
in tritiated water. In one experiment 0.5 umole of UDP-galac- 
tose, 20 ug of purified yeast 4epimerase, 0.1 ml of 1 m glycine 
buffer, pH 8.8, and 0.1 ml of tritiated water containing 2 x 10” 
c.p.m. were incubated at room temperature for 15 hours. The 
UDP-glucose-UDP-galactose mixture was isolated by adsorption 
and elution from Darco. The eluate was counted and found to 


contain 140 c.p.m. An identical preparation from an incubation 
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mixture with heat-inactivated enzyme contained 120 c.p.m. 
None of the added UDP-galactose in the control incubation 
mixture had been converted to UDP-glucose. A similar experi- 
ment in which DPN was included in the incubation mixture 
also gave negative results. 

Similarly, as with the calf liver enzyme (5), no tritium was 
incorporated into the sugar from DPNH labeled in both para 
positions with tritium. Two experiments were performed by 
incubating the following mixture for 15 hours at room tempera- 
ture: 0.66. umole of UDP-galactose, 0.54 umole of DPNH con- 
taining 9500°c.p.m., and 15 ug of yeast 4-epimerase in a final 
volume of 5 ml of 0.1 m glycine buffer pH 8.8. The uridine 
nucleotides were isolated by adsorption and elution from Darco 
followed by paper chromatography (20). In neither experiment 
was the radioactivity in the isolated uridine nucleotide sample 
higher than that in control samples with boiled enzyme. All 
four samples contained between 10 and 20 c.p.m. 


DISCUSSION 


The demonstration of protein-bound DPN in purified yeast 
UDP-galactose-4-epimerase indicates that the mechanism of 
action of the yeast enzyme is probably similar to that of the 
same enzyme from liver. A stimulation of the rate of reaction 
by DPN was observed even with crude liver enzyme (5), whereas 
no such increase in rate occurred with the most highly purified 
preparations of the enzyme from yeast. This difference in re- 
sponse of the enzyme from the two sources can now be explained 
by the presence of bound DPN in the purified yeast preparation. 

The resolution of the yeast 4-epimerase-DPN complex with 
p-chloromercuribenzoate is similar to the results reported by 
Racker (21) and Velick (22) for the crystalline muscle triose 
phosphate dehydrogenase-DPN complex. The concentration of 
DPN required to bring about half maximal activity of the yeast 
apoenzyme, about 10-5 m, is many orders of magnitude higher 
than the amount of DPN originally bound to the enzyme. This 
observation, together with the fact that only 20% of the original 
activity and none of the fluorescence can be restored, indicates 
that the enzyme-DPN complex, as it is isolated, may be struc- 
turally different from the one presumably formed between mer- 
curial-treated enzyme and exogenous DPN. 

Whether the 450-my fluorescence of the purified enzyme, which 
disappears after p-chloromercuribenzoate treatment and cannot 
be restored by DPN, is the result of a bound DPN complex is 
still not certain. It seems unlikely that the observed fluores- 
cence is the result of bound DPNH, which would not have been 
detected by the analytical methods used in these experiments. 
The intensity of fluorescence of DPNH might well decrease after 
removal from the protein by p-chloromercuribenzoate (22-25), 
but it would not be expected to disappear completely. Further- 
more, only DPN, and not DPNH, can reactivate the mercurial- 
treated enzyme. Velick (22) has reported that the triose phos- 
phate dehydrogenase-DPN complex isolated from muscle shows 
no fluorescence at 450 my even though it contains an absorption 
band near that of DPNH. However, DPN complexes, such as 
those formed with cyanide and a number of small organic mole- 
cules (26), can exhibit fluorescence similar to that of DPNH. 
The amount of DPN present in the enzyme, if bound in a com- 
plex form, might well be sufficient to account for the observed 
fluorescence. 

Although the presence of protein-bound DPN in purified yeast 
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TaBLe IV 


Nucleotide specificity for reactivation of 
p-chloromercuribenzoate-treated yeast 
UDP-galactose-4-epimerase 


Two milliliters of one of the most active fractions from DEAE 
cellulose chromatography were treated for 30 minutes with 20 
ul of 10°? m p-chloromercuribenzoate. The enzyme was pre- 
cipitated by the addition of 5 mgof albumin and 0.8 g of ammonium 
sulfate and redissolved in 2 ml of H.O. Incubation mixtures 
contained 0.05 umole of UDP-galactose, 20 umoles of cysteine, 
20 wl of mercurial-treated enzyme and nucleotide as indicated in 
a total volume of 0.5 ml of 0.1 m glycine buffer pH 8.8. After 
incubation at room temperature for 30 minutes, 1 ml of chloroform 
was added. UDP-glucose formed was measured in the aqueous 
phase by the addition of UDP-glucose dehydrogenase and DPN. 


Nucleotide added UDP-glucose formed 
myumoles 


13 


UDP-galactose-4-epimerase indicates a mechanism of action 
similar to that of the liver enzyme, it in no way further elucidates 


the nature of this mechanism. The details of the reaction mech-. 


anism and of the role played by DPN remain to be determined. 


SUMMARY 


Uridine diphosphate galactose-4-epimerase has been purified 
150-fold from galactose-adapted yeast. Protein-bound diphos- 
phopyridine nucleotide in the purified preparation was identified 
by three independent methods. About 0.3 umole of diphos- 
phopyridine nucleotide for 100 mg of protein was present. The 
enzyme-diphosphopyridine nucleotide complex can be resolved 
by treatment with p-chloromercuribenzoate. Reactivation of 
the apoenzyme is specific for the oxidized form of the pyridine 
nucleotide. 
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Soluble extracts capable of forming acetoacetate from acetate, 
adenosine triphosphate, and coenzyme A were first prepared from 
pigeon liver by Soodak and Lipmann (1) in 1948. This synthesis 
was shown by Stadtman et al. (2) to involve the condensation of 
two molecules of “active acetate.”” In 1949 Stern and Ochoa 
(3) demonstrated that pigeon liver extracts, in the presence of 
CoA and ATP, cleaved acetoacetate and other 8-keto acids to 
yield “active acetate” for citrate synthesis or sulfonamide acet- 
ylation. With the identification of active acetate as acetyl-CoA 
and the unfolding of the fatty acid cycle, it became evident that 
the synthesis and breakdown of acetoacetate must proceed 
through acetoacetyl-CoA as intermediate and involve the en- 
zyme thiolase (4-6) which catalyzes Reaction 1. 


2 Acetyl-CoA = acetoacetyl-CoA + CoASH (1) 


The requirement of succinate for acetoacetate synthesis from 
acetyl-CoA (5, 6) in some tissue extracts (e.g. heart and kidney) 
led to the demonstration of the enzyme CoA transferase (7) which 
catalyzes Reaction 2. This revealed the first known mechanism 
of enzymic deacylation of acetoacetyl-CoA by means of transfer 
of its CoA moiety to succinate with the formation of succiny]- 
CoA and the liberation of acetoacetate. However, this mecha- 
nism is not applicable to liver where CoA 


Acetoaretyl-CoA + succinate = (2) 
succinyl-CoA + acetoacetate 


transferase could not be demonstrated (5,7). For this and other 
reasons, the presence in liver of a specific acetoacetyl-CoA de- 
acylase or deacylase mechanism has been postulated (5, 8, 9). 

This paper describes the partial purification of an acetoacetate 
synthesizing enzyme (or enzyme system) from ox liver and dem- 
onstrates that it converts chemically synthesized acetyl-CoA to 
acetoacetate. A preliminary account of part of this work has ap- 
peared (5). 

Enzyme Assay and Unit—The assay of the acetoacetate-syn- 
thesizing system is based on the conversion of acetyl phosphate 
to acetoacetate and orthophosphate by liver fractions supple- 
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mented with phosphotransacetylase and CoA (2,10). This con- 
version is effected by the combined action of phosphotransacet- 
ylase, liver thiolase and a liver deacylase system, CoA acting as 
the acyl carrier according to Reactions 3 to 5: 


2 Acetyl phosphate + 2 CoASH = 3 
2 acetyl-CoA + 2 phosphate (3) 
2 Acetyl-CoA = acetoacetyl-CoA + CoASH (4) 


Acetoacetyl-CoA + H:O — — acetoacetate + CoASH (5) 


Sum, 2 Acetyl phosphate + H20 — 
acetoacetate + 2 phosphate (6) 


One unit of ezyme is defined as the amount of enzyme which 
under the conditions of the assay, catalyzes the synthesis of 1.0 
umole of acetoacetate per hour at 38°. The specific activity is 
expressed as units per mg of protein. The protein content of 
enzyme solutions was determined by the optical method of War- 
burg and Christian (11). 

The composition of the assay solution was as follows: Tris- 
HCl buffer, pH 8.1, 150 uwmoles; MgCl2, 4 wmoles; KCl, 50 
umoles; potassium glutathione (or L-cysteine), 20 umoles; lithium 
acetyl phosphate, 45 umoles; CoA, 16 units (0.05 umole); phos- 
photransacetylase, 5 units; liver fraction (1 to 10 mg of protein). 
The final volume was adjusted to 2.0 ml with water. Freshly 
prepared solutions of glutathione (and other thiols) were neu- 
tralized with potassium hydroxide to pH 8.0 just before use. 
Mgt** is not only required for acetoacetate synthesis, but through 
formation of a Mg chelate of acetoacetyl-CoA (12) it helps “‘over- 
come” the unfavorable equilibrium of the thiolase reaction with 
respect to acetoacetyl-CoA formation. K* is required for phos- 
photransacetylase activity (13) and also protects phosphotrans- 
acetylase from possible inhibition by Li*+, and more especially 
Na* which should be eliminated from assay components. The 
additions were made into a tube at room temperature. The 
reaction was started by addition of the liver enzyme and the 
tube was stoppered and placed in a bath at 38°. After 60 min- 
utes, the tubes were placed in ice and 1.3 ml of 12% trichloro- 
acetic acid was added. The mixture was centrifuged, and a 
suitable sample of the supernatant solution taken for the deter- 


mination of acetoacetic acid by the method of Greenberg and 


Lester (14) as modified by Barkulis and Lehninger (15). Since 


this method involves decarboxylation of acetoacetate to acetone | 


and estimation of the latterasthe phenylhydrazone, any acetoace- 
tate synthesized which may decarboxylate spontaneously or 
otherwise during the assay is recovered. No significant metab- 
olism of acetoacetate occurs under the assay conditions. Thus, 
after incubating 5 umoles of acetoacetate with the complete as- 
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Fig. 1. Enzyme dependence of acetoacetate synthesis in ox 
liver. Standard assay conditions employed. @——®@, 30 to 60% 
ammonium sulfate fraction. O——O, gel eluate fraction. 
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Fic. 2. CoA dependence of acetoacetate synthesis. Standard 
assay conditions and gel supernatant fraction (4.1 mg of protein) 
of ox liver employed. 
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say system (without acetyl phosphate) and various liver fractions 
for 1 hour at 25°, 85 to 90% of the acetoacetate was recovered as 
determined with aniline citrate (16) which measures only the 
acetoacetate. The remainder is largely, if not entirely, ac- 
counted for by spontaneous decarboxylation to acetone. 

No acetoacetate was synthesized in the absence of liver frac- 
tion. Although these liver fractions contain an enzyme(s) which 
hydrolyzes acetyl phosphate, the activity was not high enough to 
interfere with the assay when acetyl phosphate was added in the 
amounts designated, nor was it responsible for the diminished 
rates of acetoacetate synthesis observed in certain enzyme frac- 
tions of ox or chicken liver. 

Under the assay conditions, the rate of acetoacetate synthesis 
was directly proportional to time. The dependence of this rate 
on the concentration of liver protein is shown in Fig. 1. It will 
be seen that with both the 30 to 60% saturated ammonium sul- 
fate and the gel supernatant fractions, the rate of acetoacetate 
synthesis was proportional to liver protein over a wide concen- 
tration range provided the rate does not exceed 2.7 umoles of 
acetoacetate per hour. This observation suggests that one spe- 
cific enzyme reaction in the multienzyme sequence involved in 
the conversion of acetyl-CoA to acetoacetate was the rate-limit- 
ing step in the assay. 

Fig. 2 shows the effect of varying the CoA concentration on 
the rate of acetoacetate synthesis by liver under the conditions 
of the assay. It is seen that up to 8 units of CoA the rate was 
proportional to CoA concentration and that about 160 units 
(0.5 umole) of CoA were required for maximum rates. The 
amount of CoASH used in the assay gave a rate that was 42% 
of the maximum rate. The apparent saturation of the system 
by CoA was not the result of the saturation of the phosphotrans- 
acetylase which is present in excess and which Stadtman (13) 
has shown is not saturated by as much as 200 units of CoA. It 
may reflect the effect of CoA concentration on the deacylase 
mechanism or, less likely, the thiolase equilibrium (Reaction 4). 

Application of Assay to Other Tissues and Cells—Chicken liver 
extracts also synthesized acetoacetate under the conditions of the 
assay (Table I). However, in contrast to ox liver, chicken liver 


TABLE I 
Acetoacetate synthesis in extracts of tissues and microorganisms 

The ox and chicken liver solutions were dialyzed salt fractions 
of the original extract, representing 30 to 60 and 0 to 40% satura- 
tion, respectively. 

The heart, skeletal muscle, and adrenal gland solutions were 
dialyzed ammonium sulfate fractions (30 to 65% saturation) of 
the original extract. 


Specific activity 103 
Tissue or microorganism 
Assay system + 
Pigeon liver.................... 101 
Chicken liver................... 200 
Dog skeletal muscle............ 4 8 
Ox adrenal gland............... 3 12 
Bakers’ yeast................... 10 
C. acetobutylicum. .............. 18 


* 100 uwmoles of potassium salt, pH 8.0. 


3.0 
r 
t 
tl 
is 
bs 
di 
p 
t 
tr 
ac 
he 
sn 
fo 
pl 
fe 
sti 
ati 
m 
me 
ste 
tio 
0.60 
bie 
un 
0.40 oth 
0.30 at 
pass 
0.20 pro 
trac 
0.10 8 
trac 
extr 
ml, 
char 
stan 


February 1960 


fractions did not show a direct proportionality between protein 
concentration and the rate of acetoacetate synthesis. Thus in 
dialyzed crude extracts of chicken liver, the rate of acetoacetate 
synthesis showed a progressive decrease above 4 mg of protein, 
indicating the presence of secondary reactions competing for the 
substrate or its intermediates (Fig. 3). On fractionation of 
chicken liver extract with ammonium sulfate, the rate of aceto- 
acetate synthesis increased with increasing protein concentration 
and reached a maximum value (Fig. 3), presumably as a result of 
partial resolution of the enzyme(s) catalyzing the competing 
reaction(s). This experiment illustrates that chicken liver ex- 
tract, and possibly other tissue extracts, contain additional en- 
zymatic systems which invalidate the quantitative accuracy of 
the acetoacetate assay system and render it of qualitative signifi- 
cance only. The nature of the inhibitory enzyme system(s) will 
be discussed in a future communication. Suffice it to say that it 
is not acetyl phosphatase or acetyl-CoA deacylase. Thus it 
should be appreciated that failure of an animal tissue, plant or 
bacterial extract to form acetoacetate under the assay conditions 
could result from interfering secondary reactions such as hy- 
drolysis of acetyl phosphate or conversion of intermediates to 
products other than acetoacetate, rather than from absence of 
the acetoacetate-synthesizing system. 

Besides ox, rat, pigeon, and chicken liver, yeast and Clos- 
tridium acetobutylicum extracts were found to synthesize aceto- 
acetate in the assay system. Enzyme preparations from pig 
heart, dog skeletal muscle, and ox adrenal gland form only very 
small amounts of acetoacetate whereas those from pig kidney 
form none at all (Table I). However, if the assay system is sup- 
plemented with succinate, these tissue preparations will synthe- 
size acetoacetate because they contain the enzymes CoA trans- 
ferase and succinyl-CoA deacylase (5). The lack of succinate 
stimulation of liver acetoacetate synthesis is consistent with neg- 
ative assays for CoA transferase in liver by direct and indirect 
methods (7). 


Purvfication of Enzyme System 


Step 1. Preparation of Extract—Ox liver was removed im- 
mediately after slaughter and frozen in Dry-Ice. All subsequent 
steps were performed at 0 to 2° unless otherwise stated. Por- 
tions of partially thawed liver (150 g) were cut into small pieces 
and placed in a Waring Blendor, and 100 ml of 0.2 m potassium 
bicarbonate solution, containing 0.005 mM L-cysteine and adjusted 
to pH 8.2 to 8.4, were added. The suspension was homogenized 
until it was of uniform consistency (about 5 minutes); then an- 
other 200 ml of the solution were added and homogenization con- 
tinued for 5 minutes. The suspension was passed through two 
layers of cheesecloth and centrifuged in a Servall angle centrifuge 
at 13,000 r.p.m. for 20 minutes. The supernatant fluid was 
passed through cheesecloth again to remove fat particles. Ap- 
proximately 2400 ml of an opalescent, dark reddish brown ex- 
tract were obtained from 1 kilogram of frozen liver. 

Step 2. Fractionation with Ammonium Sulfate—The liver ex- 
tract was diluted with 2 volumes of the same buffer used for the 
extraction to bring the protein concentration to 30 to 35 mg per 
ml. Powdered ammonium sulfate (21.2 g per 100 ml of solu- 
tion) was added slowly over a period of 20 minutes, with me- 
chanical stirring, to bring the solution to 30% saturation. After 
standing for 15 minutes, the suspension was centrifuged at 13,000 
rp.m. for 20 minutes. The precipitate was discarded. The 
supernatant fluid was brought to 60% saturation by adding an- 
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Fic. 3. Enzyme dependence of acetoacetate synthesis in 
chicken liver. Standard assay conditions employed. @——®@, 
dialyzed acetone powder extract. O——O, 0 to 45% ammonium 
sulfate fraction of latter. 


other 21.2 g of ammonium sulfate for each 100 ml of original 
solution, in the manner indicated. The mixture was centrifuged 
and the precipitate dissolved in 0.02 M potassium phosphate 
buffer, pH 7.0, containing 0.005 m L-cysteine. The solution was 
adjusted to a volume equal to 6% that of the diluted fraction and 
dialyzed against 3 liters of the same buffer for 16 hours at 2°. 

Step 3. Treatment with Calcium Phosphate Gel—The dialyzed 
30 to 60% saturated ammonium sulfate fraction was adjusted, if 
necessary, to pH 7.0, and a negative gel absorption carried out 
at 0° as follows. One volume of calcium phosphate gel (dry 
weight, 18 mg per ml) was added to the solution rapidly with 
adequate stirring and stirring was continued for 10 minutes. 
The suspension was then centrifuged at 2,000 r.p.m. and 2° for 
30 minutes. The solid precipitate was discarded. 

Step 4. Ethanol Fractionation—The gel supernatant fluid was 
brought to 0° and cold ethanol added dropwise, with mechanical 
stirring, to a final ethanol concentration of 20% by volume. As 
the ethanol ran in, the temperature was lowered gradually to 
—4 or —5°. The suspension was centrifuged at 2,000 r.p.m. for 
20 minutes, the temperature being maintained at —4 or —5°. 
The precipitate was dissolved in 0.02 m potassium phosphate 
buffer, pH 7.4, containing 0.001 mM L-cysteine. The supernatant 
fluid was brought to 35% ethanol in a similar manner, the tem- 
perature being reduced gradually to —12°. The suspension 
was centrifuged for 20 minutes at 2,000 r.p.m. and —12° or 
lower, sO as to insure that the temperature of the supernatant 
fluid would be —10 or —11°. The precipitate was dissolved in 
the same buffer. The two precipitates and the 35% ethanol 


supernatant fluid were each dialyzed for 16 hours against 0.02 
M potassium phosphate buffer, pH 7.4, containing 0.001 Mm L-cys- 
teine. 

Data on the purification of the enzyme system are given in 
The 20 to 35% ethanol fraction represented the most 


Table II. 
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TABLE II 35% fraction. Nor was it possible to demonstrate resolution of 
Purification of acetoacetate-synthesizing system a multienzyme system. Thus various recombinations of many 
) nay fractions with little or no acetoacetate-synthesizing capacity al- 
Step | Vare (Units) foo. oPesity | Yield ways resulted in acetoacetate synthesis that was equal to or less 

| nies ; than the sum of the individual fractions. 
ei me — % Bublitz (20) has since achieved a separation of an acetoacetate- 
| ges synthesizing system present in beef liver acetone powder extracts 
1. Bicarbonate extract 300° 1460,90000.162f/ 100 into two discrete enzyme fractions. More recently, Lynen et al, 
(21) have shown that these fractions contain, respectively, the 
4. a. Ethanol ppt., 0-20% 6.0| 60! 2100.286 4 HMG!-CoA-condensing enzyme described by Rudney and Fergu- 
b. Ethanol ppt., 20-35% 6.7) 4551 3831.19 3; son (22, 23) and the HMG-CoA-cleavage-enzyme described by 
c. Ethanol ppt., 35% supernatant 160 | 29) 5880.05 2  Bachhawat et al. (24). They have presented evidence that the 
| | . coupling of these two enzymes is responsible for acetoacetate 


* After dilution 1:3. 
t After dialysis. Without dialysis, specific activity was 0.10. 


TaBLe III 
Acetoacetate synthesis from acetyl-S-coenzyme A 

The complete system contained 100 uwmoles of Tris-HCl buffer, 
pH 8.1; 2.5 wmoles of MgCl.; 4.0 wmoles of acetyl-S-CoA; and 
ox liver 20 to 35% ethanol fraction containing 4.2 mg of protein. 
Volume 1.0 ml; incubation, 60 minutes at 38°. Acetyl-CoA was 
determined specifically with the coupled malic dehydrogenase- 
condensing enzyme system (19). 


Experiment No. | 4 Acetoacetate | 4 Acetyl-CoA 
| umole | pmoles 
1 | +0.48 | —2.4 
2° | +0.50 | —2.4 


| 
* With 10-* m glutathione present. 


active preparation of the acetoacetate synthesizing system ob- 
tained. The four-step procedure was quite reproducible and 
regularly resulted in a 5- to 7-fold purification. Provided L-cys- 
teine was used in its preparation, this fraction retained its full 
activity for at least 4 to 6 weeks when kept at —18°, after which 
the activity declined slowly. In the absence of cysteine, its ac- 
tivity fell more rapidly. The enzyme system was stable to 
freezing and thawing at all stages. 

In addition to thiolase, the partly purified enzyme prepara- 
tion contained crotonase, L({+)-8-hydroxybutyryl-CoA dehydro- 
genase, butyryl-CoA dehydrogenase, acetyl-CoA deacylase, malic 
dehydrogenase, and the succinate-activating enzyme system (17, 
18). It lacked the acetoacetate-activating enzyme (3) which 
converts acetoacetate, in presence of CoA and ATP, to aceto- 
acetyl-CoA. 

Acetoacetate Synthesis from Acetyl-CoA—The partially purified 
enzyme system synthesized acetoacetate from synthetic acety]- 
CoA (Table III). The acetoacetate formed accounted for 40% 
of the acetyl-CoA which disappeared. This discrepancy is ex- 
plained, at least in part, by the presence of acetyl-CoA deacylase 
activity in the enzyme fractions, and possibly by other unidenti- 
fied side reactions. It will be noted that acetoacetate synthesis 
from acetyl-CoA did not require addition of free thiol, nor was 
it increased by added 10-4 m glutathione. 

Failure to Resolve Acetoacetate-synthesizing System—All at- 
tempts to purify the acetoacetate-synthesizing system beyond 
the activity represented by the 20 to 35% ethanol fraction by 
use of alumina gel Cy, salt, and organic solvents (methanol, 
acetone, butanol) failed. These procedures resulted in fractions 
which had little, no, or the same activity as the starting 20 to 


synthesis in their preparations. In the following paper (25), it 
will show that, even though our partly purified acetoacetate- 
synthesizing enzyme system contains the HMG-CoA-condensing 
and -cleavage enzymes, acetoacetate synthesis does not proceed 
through HMG-CoA as intermediate, but most probably involves 
a specific acetoacetyl-CoA deacylase. 

Identification of Acetoacetate—After incubation of the 20 to 
35% ethanol ox liver fraction (5.7 mg of protein; specific activity 
0.38) under the conditions of the assay, the reaction mixture was 
deproteinized and centrifuged. Of a 0.1% solution of 2 ,4-dini- 
trophenylhydrazine in 2 N HCl, 5.0 ml were added to the super- 
natant fluid to trap carbonyl compounds. The dinitropheny]- 
hydrazones were extracted according to the procedure of El 
Hawary and Thompson (26) and were subjected to paper chro- 
matography in 95% methanol (24). Two yellow spots were ob- 
tained, a minor one of Rp 0.40 and a major one of Ry 0.75. 
These spots corresponded exactly to the Rp values of authentic 
acetoacetate and acetone dinitrophenylhydrazones, respectively. 
The acetone dinitrophenylhydrazone apparently arose by decar- 
boxylation of the acetoacetate dinitrophenylhydrazone which was 
unstable under these conditions. Thus, authentic samples of 
the latter were found to give mostly acetone dinitrophenylhy- 
drazone during chromatography (cf. (26)), and the intensity of 
the acetoacetate dinitrophenylhydrazone spot (Ry 0.40) de- 
creased as the solvent front advanced. 

After decarboxylation of the reaction mixture with aniline, 
followed by conversion of carbonyl compounds to the dinitro- 
phenylhydrazone and washing with alkali (as in the quantitative 
determination of acetoacetate (15)), chromatography as above 
gave a single yellow spot (R, 0.75) corresponding to acetone dini- 
trophenylhydrazone. 

Preparations—Red Star yeast was extracted according to the 
method of Black (27). Extracts of dog skeletal muscle and ox 
adrenal gland were prepared by the general method described for 
pig heart (17). Pig kidney and pigeon liver extracts were made 
from acetone powder preparations. Chicken liver acetone pow- 
der, kindly supplied by Dr. M. F. Utter, was extracted with 7 
volumes of 0.01 m KPO, buffer, pH 7.9, containing 10-3 m po- 
tassium Versenate. Lyophilized cells of C. acetobutylicum were 
extracted with alumina (3). Highly purified phosphotransacet- 
ylase from Clostridium kluyveri (specific activity 300 to 700 units 
- mg of protein (13)) was kindly supplied by Dr. E. R. Stadt- 

an and by Dr. G. D. Novelli. Crude extract of dried C. 
kluyvert (Worthington Biochemical Corporation) also was a sat- 
isfactory source of phosphotransacetylase for the assay. It con- 
tains thiolase as well. All liver fractions, including inactive ones, 


1 The abbreviation used is: HMG, 8-hydroxy-6-methylglutaric 
acid. 
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were determined to contain adequate thiolase by direct assay. 
A partially purified phosphotransacetylase (specific activity 10) 
prepared from Streptococcus hemolyticus (28) was equally satis- 
factory and was used in some experiments. Reduced CoA (Pabst 
Laboratories) was assayed by enzymatic conversion to acetyl- 
CoA in the presence of excess acetyl phosphate and phospho- 
transacetylase as measured optically at wave length 232 or 240 
mu. The molecular extinction coefficient of acetyl-CoA was 
determined to be 4300 at 232 my (cf. (29)). One micromole of 
CoA contains 318 units in the pigeon liver sulfonamide acetyla- 
tion assay (30). The CoA powder contained 0.8 to 0.9 umole of 
thiol per mg of which 60% was CoA. By enzymatic assay be- 
fore and after borohydride reduction, the CoA powder contained 
disulfide (symmetrical plus mixed forms) equivalent to 7% CoA. 
Acetyl phosphate was prepared by the method of Stadtman and 
Lipmann (31) and determined to be about 90% pure. 


SUMMARY 


1. The partial purification of an acetoacetate-synthesizing en- 
zyme or enzyme system from ox liver is described. The enzyme 
(system) assay is based on the conversion of acetyl phosphate to 
acetoacetate and phosphate in the presence of catalytic amounts 
of coenzyme A, purified phosphotransacetylase, and ox liver en- 
zymes. Under the conditions of the assay, the rate of acetoace- 
tate synthesis is proportional to liver enzyme concentration 
within broad limits. 

2. The partially purified enzyme system synthesizes aceto- 
acetate from synthetically prepared acetylcoenzyme A. 

3. The acetoacetate synthesized enzymatically was identified 
and characterized by chromatography after decarboxylation and 
conversion to acetone dinitrophenylhydrazone. 

4. Data on the capacity of other tissues and cells to form ace- 
toacetate under the conditions of the assay, and also when sup- 
plemented with succinate, are presented. 


‘Acknowledgment—The authors are grateful to Professor Severo 
Ochoa for many stimulating discussions and thank Mr Tibor G. 
Farkas for assisting with some of the experiments. 
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In enzymic terms, the explanation of liver ketogenesis is the 
elucidation of the mechanism by which the acetoacetyl moiety of 
acetoacetyl coenzyme A is shunted out of the fatty acid oxidation 
cycle and appears as free acetoacetate. The assay and purifica- 
tion from fresh ox liver of an acetoacetate-synthesizing enzyme 
(or enzyme system) which forms acetoacetate from acetyl-CoA 
(generated in a catalytic system) by way of acetoacetyl-CoA has 
been described in a previous paper (1). This paper presents a 
study of the properties of this system and also of a similar, if 
not identical one, found in chicken liver. 

At the outset of this study several potential mechanisms of de- 
acylation of acetoacetyl-CoA were considered. First, since de- 
acylases for acetyl-CoA (2) and succinyl-CoA (2, 3) had been 
described, an obvious and reasonable assumption was that a 
specific acetoacetyl-CoA deacylase (thioesterase) catalyzing Re- 
action 1 was present in liver. 


Acetoacetyl-CoA + H:O — acetoacetate + CoASH (1) 


Because the acetoacetate-synthesizing system was so weak and 
interfering reactions (e.g. thiolase) so active, a direct test for such 
an enzyme by optical or chemical methods was difficult. 

Second, acetoacetate synthesis might also occur by reversal of 
the acetoacetate-activating enzyme (4, 5) which catalyzes Re- 
action 2. 


Acetoacetate + CoASH + ATP = (2) 
acetoacetate + (AMP + PP;j) 


However, the partly purified ox liver fraction was devoid of this 
enzyme, as measured in the forward direction by coupling with 
thiolase and citrate-condensing enzyme and determining citrate 
synthesis in presence of oxaloacetate. Moreover, enzymic ace- 
toacetate synthesis showed no requirement for, or stimulation 
by, AMP or ADP. 

A third potential mechanism, the succinolysis of acetoacetyl- 
CoA to acetoacetate (Reaction 3) as occurs in heart, 


Acetoacetyl-CoA + succinate = (3) 
succinyl-CoA + acetoacetate 


kidney, skeletal muscle, and adrenal gland (6), was eliminated 
because the CoA transferase catalyzing this reaction was not 
found in liver (1, 6). 


* Aided by grants from the United States Public Health Service 
(No. A739) and from the Williams Waterman Fund of the 
Research Corporation. 

t Present address, Department of Pharmacology, Faculty of 
Medicine, University of British Columbia, Vancouver, Canada. 


Fourth, an early finding that enzymic acetoacetate synthesis 
in a catalytic assay system (7, 8) showed an almost complete 
dependence on thiol compounds, e.g. GSH, together with the 
demonstration of an active acetoacetyl glutathione thioesterase 
in liver (7, 9), suggested that coupling of transacetoacetylation 
and deacylation reactions might effect acetoacetate synthesis 
according to Reactions 4 and 5. 


Acetoacetyl-CoA + GSH = acetoacetyl-SG + CoASH (4) 
Acetoacetyl-SG + H:0 — acetoacetate + GSH (5) 


A fifth mechanism was adumbrated in 1954 when a second 
CoA-linked reaction resulting in acetoacetate synthesis was de- 
scribed by Bachhawat et al. (10), namely, the HMG!-CoA-cleav- 
age enzyme which catalyzes Reaction 6. The acetoacetate- 
synthesizing system and the HMG-CoA-cleavage enzyme 


HMG-CoA — acetoacetate + acetyl-CoA (6) 


had certain properties in common, viz. Mg++ requirement and 
activation by certain thiols. With the demonstration later of an 
HMG-CoA-condensing enzyme in yeast and liver by Rudney 
and Ferguson (11, 12), which catalyzes Reaction 7, it became 
apparent that coupling of HMG-CoA-condensing and -cleavage 


Acetoacetyl-CoA + acetyl-CoA + H:0 — (7) 
HMG-CoA + CoASH 
enzymes could effect acetoacetate synthesis and result in the net 
Reaction 1. 

Recently, Lynen et al. (13), who have been studying the mecha- 
nism of acetoacetate synthesis in extracts of ox liver acetone 
powder, have presented seemingly convincing evidence that it 
proceeds by way of HMG-CoA as intermediate through coupling 
of the condensing and cleavage enzymes. In this paper it is 
shown that acetoacetate synthesis by our partly purified enzyme 
continues unimpaired after the endogenous HMG-CoA-condens- 
ing and -cleavage enzymes have been inactivated by treatment 
with iodoacetamide, and evidence is presented that a specific 
acetoacetyl-CoA deacylase is involved. 


Properties of Acetoacetate-synthesizing Enzyme 
Effect of Mg++—Enzymic acetoacetate synthesis showed 4 
definite requirement for Mg++. Thus, omission of Mgt+ from 


the assay system resulted in a 30% decrease in acetoacetate- 
synthesizing activity of the purified ox liver fraction (Table I). 
1The abbreviations used are: HMG, §-hydroxy-8-methylglu- 


taric acid; BAL, 2,3-dimercaptopropanol; DTO 6,8-dithioloctan- 
oic (dihydrolipoic) acid; EDTA, ethylendiaminetetraacetic acid. 
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Also a chicken liver fraction which represented a 5-fold purified 
acetoacetate-synthesizing system exhibited an almost complete 
requirement for Mg++. The metal requirement was also strik- 
ingly demonstrated by the marked inhibition of the liver enzyme 
system by potassium EDTA, in the absence of Mg**. 

Activation by Thiols—Enzymic acetoacetate synthesis, under 
conditions of the assay, was greatly stimulated by the addition 
of certain thiol compounds. Among monothiols, GSH, cysteine, 
thioglycolate, a-thioglycerol, mercaptoethanol, and 8-mercap- 
toethylamine at 10-? mM concentration were about equally active 
in activating acetoacetate synthesis. Thiomalate (10-7 M) was 
only one-fifth as active. Besides monothiol compounds, the di- 
thiol compounds BAL and DTO also activated acetoacetate 
synthesis. Reduced lipoamide was about as active as DTO it- 
self. However, both 6- and 8-monothioloctanoate compounds 
failed to activate acetoacetate synthesis, indicating the specificity 
of DTO action. On the other hand, 10-? m 6-thioglycerol, the 
monothiol analogue of BAL, produced the same activation as 
10-3 m BAL. 

The effect of thiol concentration on the rate of activation of 
acetoacetate synthesis was next examined. As illustrated in Fig. 
1 (+)-DTO had the greatest activity, half-maximum activation of 
acetoacetate synthesis occurring at 1 10-4 mM (+)-DTO com- 
pared to 3.5 X 10-4*m BAL and 2 X 10°? mM GSH. Inhibition 
by (+)-DTO and BAL at concentrations higher than 10-3 m 
(and by reduced lipoamide above 5 X 10-4 M) may result from 
changes in surface tension at these concentrations or alternately 
from trapping of acetyl by means of thioltransacetylase type re- 
actions (14). It may be noted that of the naturally occurring 
thiols, 10-5 m DTO, which is approximately its concentration in 
liver,2 caused significant activation, whereas 10-? m GSH (the 
approximate GSH concentration in liver) gave maximal activa- 
tion. 

Analysis of Thiol Activation—Reducing agents such as sodium 
sulfide, potassium borohydride, and sodium cyanide up to 10-7 
M concentration caused slight activation, an additional 0.1 to 
0.2 umole of acetoacetate synthesis, attributable to reduction of 
CoA disulfides present in the CoA used. Potassium ascorbate 
(10-2? and 10-3 mM) was inactive. Thus there was no correlation 
between the oxidation-reduction potential and capacity to ac- 
tivate. These observations suggested that active thiol com- 
pounds might not function solely as reducing agents. Inhibi- 
tion by EDTA, rather than stimulation, appeared to rule out 
binding of heavy metals as an explanation of thiol activation. 
Furthermore, the thiols were not required to activate the en- 
zyme components of the assay system. Although thiolase is a 
sulfhydryl enzyme (15) and phosphotransacetylase is activated 
by thiols (16), including Na,S, it was shown by direct assay meth- 
ods that their activities were already excessive in the absence of 
added thiol. 

In an attempt to delineate the action of thiol compounds, ex- 
periments were performed where GSH and (+)-DTO were pre- 
incubated with enzyme, then removed partly (by dilution) or 
completely (by dialysis) before assaying acetoacetate-synthesiz- 
ing capacity. The 20 to 35% ethanol fraction (2.0 ml) was 


2 The purified and other ox liver fractions (1) contained bound 
a-lipoic acid. Thus, the dialyzed crude liver extract contained 
0.005 ug per mg of protein; the 30 to 60% ammonium sulfate frac- 
tion 0.032 ug per mg; the gel supernatant fraction 0.005 ug per mg; 
and the 20 to 35% ethanol fraction 0.001 ug per mg. We are in- 
debted to Dr. Harry P. Broquist of Lederle Laboratories, Pear] 
River, New York, for these a-lipoic (thioctic) acid assays. 


G. I. Drummond and J. R. Stern 319 


TABLE 


Mg** stimulation and ethylenediaminetetraacetate (EDTA) 
inhibition of acetoacetate synthesis 


Standard assay conditions were employed except as indicated. 
The ox liver (6.8 mg of protein) was a 30 to 60% saturated am- 
monium sulfate fraction. The chicken liver (10 mg of protein) 
was a 30 to 40% saturated salt fraction. Values are in umoles of 
acetoacetate per hour. 


Conditions Ox liver Chicken liver 
Complete system. .................... 1.38 2.33 
No Mg**, plus 10-*m EDTA.......... 0.14 0.30 
No Mg**, plus 10-?m EDTA.......... 0.13 
GSH 
= 
0.30 F - 
= 
O20F 
5 ee 
uJ 
o - 
=x 0.05 - 
(+)-DTO 


LOG [RSH] mx10® 


Fig. 1. Effect of GSH, BAL, and (+)-DTO concentrations on 
the rate of acetoacetate synthesis. Standard assay conditions 
were used, except that the activating thiol and its concentration 
was varied as indicated. The 20 to 35% ethanol fraction (5.7 mg 
of protein) of ox liver was used. O——O, (+)-DTO; A——A, 
BAL; @——@®@, GSH. 


incubated in 10-? m GSH for 75 minutes at 25° Then in order 
to remove GSH, it was subjected to rotating dialysis for 4 hours 
at 2° against 1 liter of 0.02 m KPO, buffer, pH 7.5, changing 
buffer hourly. The treated dialyzed enzyme (5.7 mg of protein) 
was assayed for acetoacetate synthesis in a system without thiol 
and representing a 20-fold dilution of the treated sample: 1.13 
umoles of acetoacetate were synthesized. An enzyme sample in- 
cubated without GSH and carried through the same dialysis pro- 
cedure on assay synthesized 0.25 umole of acetoacetate in ab- 
sence of thiol and 1.87 uwmoles of acetoacetate with 10-? m GSH 
present during the assay. When the enzyme was preincubated 
with 10-? a GSH for 75 minutes at 25°, not dialyzed, and then 
assayed without added thiol under conditions representing a 20- 
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fold dilution and 5 X 10-4 m GSH in the test (assuming no oxi- 
dation during preincubation), 1.56 wmoles of acetoacetate were 
formed. Addition of 5 X 10-4 m GSH to untreated enzyme 
(again 5.7 mg of protein) during the assay gave 0.66 umole of 
acetoacetate. Thus, activation of the enzyme system by GSH 
occurred during the preincubation period and essentially all the 
GSH could be removed without affecting acetoacetate synthesis 
during the assay. 

The 20 to 35% ethanol fraction was incubated with 10-3 Mm 
(+)-DTO for 75 minutes at 25° and tested without added thiol 
under conditions representing 20-fold dilution (5.7 mg of pro- 
tein; 5 x 10-5 m (4)-DTO); 1.15 wmoles of acetoacetate were 
synthesized. Enzyme preincubated without thiol gave only 0.09 
pmole of acetoacetate when so tested and 0.44 umole when 5 X 
10-* m (+)-DTO was present during the assay. These results 
suggest that during the preincubation, as well as under assay 
conditions, GSH and (+)-DTO are slowly reducing an enzyme or 
coenzyme present in the liver fraction, or are slowly being bound 
to protein to serve as coenzyme. In view of the variety of mono- 
and dithiol compounds which activate acetoacetate synthesis, 
the former possibility is regarded as more likely. 

Effect of pH—The pH dependence of enzymic acetoacetate 
synthesis is shown in Fig. 2. It is seen that acetoacetate syn- 
thesis occurs only in the pH range 6.7 to 9.0 with a sharp opti- 
mum at pH 8.0. The sensitivity of the acetoacetate-synthesiz- 
ing system (deacylase mechanism) is such that its activity 
declined by 38% 0.5 pH unit removed from the optimum and by 
81% 1.0 pH unit removed from it. Phosphotransacetylase, 
which has a broad pH optimum over the range 7.4 to 8.4 (16), 


ACETOACETATE (micromoles per hour) 


65 70 75 80 85 90 95 


pH 


Fic. 2. pH Dependence of rate of acetoacetate (AcAc) synthe- 
sis. Upper curve: Temperature 38°; 20 to 35% ethanol fraction of 
ox liver (6.4 mg of protein) and standard assay conditions were 
used. O——O, Tris buffer; @——®@, 2-amino-2-methy]-1,3-pro- 
panediol. Lower curve: Temperature 25°; 30 to 60% ammonium 
sulfate fraction of ox liver (7.7 mg of protein). Assay conditions 
differed slightly from standard one in that 10 units of CoA were 
used and final volume was 1.0ml. O——D, Tris buffer; @——~, 
phosphate buffer. pH was determined with the glass electrode 
at the end of the incubation period (1 hour). 
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and liver thiolase, which has a pH optimum at 8.4,? are active at 
pH values higher than 9. Also they are present in large excess 
relative to the activity of the over-all acetoacetate-synthesizing 
system. Although data are not available for the liver enzymes, 
the heart HMG-CoA-cleavage enzyme has an optimum at pH 
10 (10), whereas the yeast HMG-CoA-condensing enzyme has 
its optimum at pH 9.0 to 9.5 (17). 

Consideration of Transacetoacetylation Reactions in Acetoace- 
tate Synthesis—The thiol requirement and the narrow alkaline 
pH activity range exhibited by the acetoacetate-synthesizing 
system suggested that the acetoacetyl moiety of acetoacetyl-CoA 
might be transferred to another thiol compound to form the ac- 
tual substrate of deacylation according to Reactions 4 and 5, 
During this investigation, deacylases were demonstrated in liver 
which hydrolyze acetoacetyl-SG (7) and acetoacetyl-DTO (8), 
Acetoacetic thioesters of N-acetyl-6-mercaptoethylamine, cys- 
teine, and thioglycolate were not hydrolyzed by ox or chicken 
liver enzyme fractions. Participation of the enzyme hydrolyzing 
acetoacetyl-DTO in acetoacetate synthesis was eliminated on the 
basis of its low activity in ox liver and its sensitivity to arsenite 
(10-4 m) and other inhibitors which do not inhibit acetoacetate 
synthesis. Acetoacety]l-SG thioesterase on the other hand is a 
very active enzyme and is insensitive to arsenite. A search was 
therefore made for an enzyme in liver which catalyzed aceto- 
acetyl transfer from acetoacetyl-CoA to GSH. As will be re- 
ported in a subsequent paper, it was found that over a consider- 
able range of experimental conditions, some approximating the 
concentrations in vivo of the thiol compounds in liver, Reaction 
4 occurred nonenzymatically and was lacking in thiol and thio- 
ester specificity. Nor was it possible to demonstrate unequivo- 
cally an enzyme which catalyzed Reaction 4. At present there 
is no evidence that enzymatic transacetoacetylation plays a role 
in acetoacetate synthesis by coupling with known acetoacety] 
thioesterases. However, this does not rule out the possibility 
that even chemical transacetoacetylation may play a partial role 
in liver ketogenesis. 

Specificity of Acetyl-CoA—In previous papers (1, 5) it was 
shown that acetyl-CoA in substrate amounts could replace the 
phosphotransacetylase, acetyl phosphate, and CoA used in the 
standard acetoacetate assay to generate acetyl-CoA. Thus 4.0 
umoles of acetyl-CoA were converted to 0.48 umole of acetoace- 
tate by the purified acetoacetate-synthesizing enzyme system in 
the presence of Mg++. In contrast to the catalytic assay system, 
acetyl-CoA was converted to acetoacetate by the liver enzyme in 
the absence of any added thiol and the yield of acetoacetate 
(0.50 umole) from acetyl-CoA (4.0 wmoles) was not affected by 
the presence of 10-3 m GSH, which caused significant activation 
of acetoacetate synthesis in the catalytic assay (Fig. 1). Neither 
acetylpantetheine (4 uwmoles), (+)-8-S-acetyl-DTO (3 pumoles), 
nor (+)-6-S-acetyl-DTO (3 uwmoles) yielded detectable amounts 
of acetoacetate when incubated with the purified enzyme (6 to 
12 mg of protein) and Mg++, with or without added GSH. 

Heat Inactivation—The almost complete inactivation of the 
acetoacetate-synthesizing system by heating enzyme fractions 
for 5 to 10 minutes at pH 7.0 has been described earlier by Stern 
et al. (6). Thus when the 20 to 35% ethanol fraction was so 
treated, the specific activity decreased by 80 to 90%. Lynen 
et al. (13) have confirmed the heat lability of the acetoacetate- 
synthesizing system and have shown that their heat-treated 


3 Unpublished experiments of the authors. 
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preparations can be reactivated by addition of the HMG-CoA- 
condensing enzyme from yeast. This does not prove, however, 
that the only effect of heating has simply been to denature the 
condensing enzyme (see “‘Discussion’’). 
Inhibitors—Tetraethylpyrophosphate (4.5 < 10-4 m) did not 
inhibit acetoacetate synthesis. Arsenitc in concentrations of 
10-3 m and higher caused a significant inhibition of acetoacetate 
synthesis (Table II, Experiment 1). Complete inhibition oc- 


TABLE II 
Arsenite inhibition of acetoacetate synthesis — 


In Experiment 1, standard assay conditions were used except | 


that the ox liver protein, phosphotransacetylase, buffer, and in- 
organic ions were incubated with the arsenite at room temperature 
for 10 minutes before adding GSH, acetyl phosphate, and CoA. 
In Experiment 2, the enzyme was preincubated with 10°? m 
arsenite for 35 minutes at 25°, then dialyzed at 0° with rotation 
against 1 liter of 0.02 m KPO, buffer, pH 7.5, changing buffer 
hourly, for 4 hours. Then it was assayed under standard condi- 
tions with either 10-2 m GSH or 10-? m BAL or (+)-DTO as acti- 


vator. The enzyme used was a 20 to 35% ethanol fraction, 5.7 mg 
of protein being present in the assay. 
co Experiment Arsenite Acetoacetate 
M umoles 
1 0.0 2.11 
0.0001 2.04 
0.001 1.56 
0.01 0.30 
0.1 0.0 
2 0.0* | 1.22 
0.01* | 1.22 


* Preincubation concentration. 


‘TABLE III 


Inactivation of B-hydroxy-B-methylglutaryl coenzyme A-cleavage 
enzyme by iodoacetamide 


The basic reaction mixture (Experiment 1) contained 100 umoles 
of Tris-HCl buffer (pH 7.5), 2.0 umoles of dl-HMG-CoA, and un- 
treated or iodoacetamide-treated ox liver gel supernatant fraction 
(5 mg of protein) as indicated. The latter was prepared by in- 
cubating 5 ml of enzyme solution (17 mg of protein per ml) with 
2X 10-3 m iodoacetamide for 2 hours at 0°, followed by frozen 
storage for 15 hours before use. Other additions were: 10 umoles 
of GSH and 4 pmoles of MgCl, (Experiment 2); 1.0 umole of potas- 
sium EDTA (Experiment 3); and 2 umoles of iodoacetamide (Ex- 


periment 4). Final volume made up to 1.0 ml with water. In- 
cubation, 30 minutes at 38° under nitrogen. 

Ex- 

pmole | umole | pmoles 

1 | Untreated None 0.33 | 0.31 | 1.07 

2 | Untreated GSH, Mg** 0.72 | 0.30* 

3 | Untreated EDTA 0.23 | 0.20 

4 | Iodoacetamide TIodoacet- 0 0 

treated amide 


* GSH decreased acetyl-CoA accumulation because acetyl] glu- 
tathione, formed by chemical transacetylation, was hydrolyzed by 
an endogenous thioesterase (22). 
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curred only at 10-1 M arsenite. Although these experiments were 
carried out in the presence of 10-? m GSH, even 10- M arsenite 
did not react with the sulfhydryl of GSH, as measured by nitro- 
prusside assay. This is consistent with the demonstration (18) 
that thioarsenites are almost completely dissociated. Inhibition 
by arsenite was completely reversed by mono- and dithiols, pro- 
vided the arsenite-treated enzyme was dialyzed before assay 
(Table II, Experiment 2). The relative insensitivity of the en- 
zyme system to arsenite? and reversal of arsenite inhibition by 
the monothiol GSH, although not in accord with the usual be- 
havior of systems involving dithiol coenzymes, has been observed 
with hexokinase and cholinesterase (19). It is relevant that ace- 
toacetate production by rat liver slices was inhibited about 80% 
by 10-? Mm atoxy! (20) but was not affected by 10-‘ m tetraethy]- 
pyrophosphate (21). 

Presence of HMG-CoA-Cleavage Enzyme—As shown in Table 
III, the ox liver gel supernatant fraction converted HMG-CoA 
to acetoacetate and acetyl-CoA. The HMG-CoA-cleavage en- 
zyme did not require addition of GSH for activity as did the 
heart-cleavage enzyme (10). Yet, its activity was doubled by 
addition of GSH and Mg**, and 10-* m potassium EDTA in- 
hibited endogenous activity 30%. Iodoacetamide treatment of 
the fraction caused complete inactivation of endogenous HMG- 
CoA-cleavage enzyme activity. It is notable that in Experiment 
1 an amount of CoA equal to half the dl-HMG-CoA added was 
released during the incubation. This is not attributable to cleav- 
age enzyme and demonstrates the presence of an HMG-CoA de- 
acylase (23). HMG-CoA appeared to inhibit the activity of 
endogenous acetyl-CoA deacylase (cf. Tables IV and V) since 
acetyl-CoA and acetoacetate accumulated in almost equal 
amounts in Experiments | and 3. 

Acetoacetyl-CoA as Substrate—Attempts to measure optically 
the direct enzymic deacylation of acetoacetyl-CoA by use of its 
enolate ion absorption (24, 25) were complicated by the fact that 
acetoacetyl-CoA is unstable at alkaline pH and undergoes a slow 
decomposition to acetoacetate and CoA (Reaction 1). In pres- 
ence of endogenous thiolase, the liberated CoA reacts with a 
second molecule of acetoacety]-CoA to form two acetyl-CoA 
molecules (Reaction 8). Thus it was not possible by this 


Acetoacetyl-CoA + CoASH = 2 acetyl-CoA (8) 


means to distinguish between direct deacylation and indirect 
thiolysis. Fortunately, by treatment of the enzyme fraction 
with iodoacetamide it was possible to inactivate endogenous 
thiolase (15), HMG-CoA-condensing enzyme (17, 25), and as 
demonstrated above, HMG-CoA-cleavage enzyme. As shown 
in Table IV, after iodoacetamide treatment of ox liver fraction, 
acetoacetate synthesis proceeded stoichiometrically (cf. Table 
V) from substrate amounts of acetoacetyl-CoA when additional 
iodoacetamide was present (Experiment lic). No significant 
amount of acetyl-CoA was found at the end of the incubation 
(Experiments Ic and d), even though under these experimental 
conditions very little acetyl-CoA deacylation occurred, 87% of 
added acetyl-CoA being recovered (Experiment If). The failure 
of acetyl-CoA to appear in Experiments lc and d, and of acetyl- 
CoA to form acetoacetate (Experiment If) showed that endoge- 
nous thiolase (cf. Table V, Experiment 2c) was inactivated under 
these conditions. Without additional iodoacetamide (Experi- 


ment 1b) thiolase was not completely inactivated by the treat- 
ment and the extra 0.04 umole of acetoacetyl-CoA which disap- 
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TaBLe IV 


Acetoacetate synthesis from acetoacetyl-CoA in 
itodoacetamide-treated liver fraction 


The reaction mixture in each experiment contained 100 uzmoles 
of Tris-HCl buffer (pH 7.5), iodoacetamide-treated ox liver gel 
supernatant fraction (cf. Table III), and other additions as in- 
dicated in a final volume of 1.0 ml. Additions were made into 
tubes kept in ice water. After the last addition (enzyme), the 
tubes were kept at 0° for 5 minutes, then incubated at 38° for 30 
minutes. The tubes were then placed in ice water and samples 
taken for assay. All values (except Experiment 1f) have been 
corrected for spontaneous acetoacetyl-CoA deacylation (Experi- 
ment la). 


Additions* Change 

Experi 

ment ledo- 

Enzyme) Ac-CoA AcAct AcAc-CoA | Ac-CoA 

mg pmole pmoles | pmoles pmole pmole pmole 
la 0.97 2 (+0.12)} (—0.19) 
1b 5 0.97 +0.15 —0.27 +0.07 
lc 5 0.97 2 +0.16 —0.23 +0.01 
ldt 5 0.97 2 +0.22 —0.21 +0.01 
le 5 0.97 1.02 2 +0.17 —0.22 —0.18 
if 5 1.02 2 0 —0.13 


* AcAc, acetoacetic acid; Ac, acetic acid. 

t In Experiments Ia, b, c and e, the recovery of AcAc was only 
64 to 77% of AcAc-CoA disappearing by deacylation. Possibly a 
metal contaminant in this AcAc-CoA preparation (cf. Table V) 
catalyzed some AcAc decarboxylation, since the presence of 
EDTA resulted in quantitative AcAc formation. 

t 10-* m potassium EDTA also added. 


TABLE V 


Relative rates of acetoacetate synthesis from acetoacetyl-CoA in 
untreated and iodoacetamide-treated liver fraction 


The reaction mixture in each experiment contained 100 umoles 
of Tris-HCl buffer (pH 7.5) and other additions as indicated in a 
final volume of 1.0ml. In Experiment 1, the enzyme was ox liver 
gel supernatant fraction which had been treated with iodoacet- 
amide as described in Table III. In Experiment 2, the enzyme 
was untreated gel supernatant fraction. Experimental procedure 
asin Table IV. Incubation, 15 minutes at 38°. All values (Ex- 
periment 2c excluded) have been corrected for spontaneous 
acetoacetyl-CoA deacylation (Experiment Ia). 


| Additions* | Change 
Experi-. 
| Iodo- 
“Gok | | acet: | AcAc-CoA | Ac-CoA 
| még pmole pmoles | pmoles pmole umole pmole 
la 0.97 2 | (+0.12)| (—0.12) 
1b | 5 | 0.97 2 | 40.16} —0.15 | +0.02 
Ict | 5 0.97 2 +0.16; -—0.15 | +0.02 
2a} | 5 0.97 +0.17 | -—0.45 | +0.46 
2 | 5 | 0.97 | 1.02 +0.15 | —0.66 | +0.48 
1.02 +0.10 —0.52 


* AcAc, acetoacetic acid; Ac, acetic acid. 

tT 10-* m potassium EDTA also present. 

t Sulfhydryl released in Experiments 2a, b, and c was, respec- 
tively, 0.08, 0.55, and 0.31 wmole. 
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peared was recovered almost quantitatively as acetyl-CoA. The 
failure of acetyl-CoA to accelerate the disappearance of aceto- 
acetyl-CoA (Experiment le) showed the complete inhibition by 
iodoacetamide (17) of endogenous HMG-CoA-condensing en- 
zyme. ‘The presence of the latter enzyme in untreated extract 
was demonstrated by the finding that in briefer experiments 
acetyl-CoA did accelerate acetoacetyl-CoA disappearance (Table 
V, Experiments 2a and 6). It was further verified in experiments 
performed with Dr. H. Rudney in which acetoacetyl-CoA and 
acetyl-1-C%-CoA (10° counts per minute per umole) were incu- 
bated with enzyme (5 mg of protein) for 30 minutes at 38° and 
the HMG isolated and counted (26). With untreated fraction, 
the HMG had 12,800 c.p.m.; with iodoacetamide-treated fraction 
(no inhibitor present during incubation), 1,050 c.p.m. were found 
in the HMG. 

The above experiments show that acetoacetate synthesis from 
acetoacetyl-CoA in purified liver fraction can proceed under con- 
ditions where both the HMG-CoA-condensing and cleavage en- 
zymes were inactivated and hence cannot involve HMG-CoA as 
intermediate. In order to determine how much acetoacetate 
synthesis could be accounted for by the iodoacetamide-resistant 
pathway, the initial rates of acetoacetate synthesis in treated and 
untreated liver fractions were measured, with the results given 
in Table V._ It is seen that the rate of conversion of acetoacetyl- 
CoA to acetoacetate was the same in the iodoacetamide-treated 
as in the untreated fraction in which both acetoacetyl-CoA and 
acetyl-CoA formed acetoacetate. More acetoacetyl-CoA disap- 
peared in the untreated fraction (Experiment 2a) than the treated 
fraction (Experiment 1b). This is accounted for mostly by thiol- 
ysis of acetoacetyl-CoA to acetyl-CoA (Reaction 8) which can 
proceed when CoA is released by acetoacetyl-CoA deacylation, 
and also, partly, by the subsequent condensation of acetyl-CoA 
and acetoacetyl-CoA (Reaction 7). The addition of acetyl-CoA 
to acetoacetyl-CoA in untreated fraction (Experiment 2b) caused 
an almost 50% increase in acetoacetyl-CoA disappearance, dem- 
onstrating the occurrence of Reaction 7. However, the extra 
acetoacetyl-CoA disappearing (0.21 umole) was not converted to 
acetoacetate (cf. Experiment 2a). Presumably the HMG-CoA 
formed disappeared by means of another enzymic reaction which 
competed with the cleavage enzyme. That this is most proba- 
bly the endogenous HMG-CoA deacylase is shown by the fact 
that in Experiment 2b, the amount of sulfhydryl (CoA) released 
was 0.16 umole more than the sum of sulfhydryl released in 
Experiments 2a and c._ It is apparent that in this liver fraction 
acetoacetate synthesis need not proceed by way of HMG-CoA 
as intermediate even though the HMG-CoA-condensing and 
-cleavage enzymes are present and that the iodoacetamide-re- 
sistant pathway could account quantitatively for acetoacetate 
synthesis in the untreated fraction. Moreover, potassium 
EDTA, in concentrations which caused 85 to 90% inhibition of 
acetoacetate synthesis by liver fraction, as measured in a cata- 
lytic assay system (Table I), did not affect the enzymic deacyla- 
tion of acetoacetyl-CoA (Tables IV and V). Thus acetoacetyl- 
CoA deacylation is effected by an enzyme(s) which is inhibited 
neither by iodoacetamide nor by EDTA. 


DISCUSSION 


These experiments show that the partly purified ox liver en- 
zyme(s) catalyzed acetoacetate synthesis from acetoacetyl-CoA 
or acetyl-CoA without added thiol or Mgtt, and also in the 
In contrast acetoacetate synthe- 
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sis, When measured in a catalytic assay system (1, 13), employ- 
ing acetyl phosphate, CoA, phosphotransacetylase, and thiolase 
to generate acetoacetyl-CoA, required a thiol, was stimulated by 
Mg*+, and was almost completely inhibited by potassium EDTA. 
Moreover the rate of conversion of acetoacetyl-CoA to aceto- 
acetate was unimpaired after the endogenous HMG-CoA-con- 
densing and cleavage enzymes were completely inactivated by 
treatment of the purified liver fraction with iodoacetamide, 
thereby eliminating participation of these enzymes in acetoacety]- 
CoA deacylation. Thus it may be concluded that (a) the thiol 
requirement and Mg** stimulation evident in the catalytic aceto- 
acetate assay system do not reflect the requirements of aceto- 
acetyl-CoA deacylation itself and (b) even in enzyme fractions 
possessing both HMG-CoA-condensing and -cleavage enzymes 
acetoacetate synthesis need not proceed by way of HMG-CoA as 
intermediate. The experiments reported here, together with fail- 
ure to resolve the partly purified acetoacetate-synthesizing en- 
zyme (1), provide strong evidence that a specific acetoacetyl-CoA 
deacylase catalyzing Reaction 1 is present in the purified frac- 
tion. However, it is not possible to exclude completely the pos- 
sibility that the acetoacetyl group of acetoacetyl-CoA is first 
transferred to some nonthiol contaminant of commercial CoA 
to form the true substrate of the hydrolytic enzyme. — 

The failure of the endogenous HMG-CoA-condensing and 
-cleavage enzymes to act in concert to effect acetoacetate syn- 
thesis is probably explained by the presence of an HMG-CoA 
deacylase or deacylase system. ‘There arises, however, the prob- 
lem of the stereospecificity of enzymes with regard to the HMG- 
CoA stereoisomers since Dekker et al. (23) have obtained evi- 
dence that the HMG-CoA deacylase acts on only one stereoisomer. 
An HMG-CoA racemase could also be involved and perhaps 
B-methylglutaconase (27) may act as such, in a manner anal- 
ogous to the 6-hydroxybutyryl-CoA racemase activity of crys- 
talline crotonase (28). 

Although acetoacetate synthesis as measured by catalytic assay 
and with substrate amounts of acetoacetyl-CoA exhibits dia- 
metrically opposed cofactor requirements, the validity of the 
catalytic assay as a criterion of purification is supported by the 
finding that the ratio of specific activities (umoles of acetoacetate 
synthesized per hour per mg of protein at 38°) for catalytic and 
substrate assay systems is constant for different enzyme frac- 
tions and equal to 1.5. The fact that this ratio is greater than 
1.0 could mean that yet another mechanism was operative be- 
sides the iodoacetamide, EDTA-resistant acetoacetyl-CoA deac- 
ylase enzyme(s). Why the catalytic assay system requires a 
thiol and is stimulated by Mgt+ is not clear at present. It has 
been shown that transacetylase, thiolase, and the enzymes acting 
on HMG-CoA are all active in the absence of added thiol and 
that the thiol reduces some enzyme or coenzyme in the liver 
fraction. One may presume that GSH somehow inhibits other 
Mg++-dependent enzyme systems which metabolize acetyl-CoA 
or acetoacetyl-CoA thus permitting the latter to accumulate and 
be acted upon by the deacylase enzyme(s). 

A possible explanation of the experiments of Lynen et al. (13) 
is that the heating step employed not only denatured the HMG- 
CoA-condensing enzyme and the acetoacetyl-CoA deacylase en- 
zyme(s), but also an enzyme(s) which successfully competed 
with cleavage enzyme for HMG-CoA. Then on adding an excess 
of HMG-CoA-condensing enzyme from yeast or liver, the latter 
could couple with the heat-resistant cleavage enzyme. We find 
that heat treatment (20 minutes at 50° and pH 7.0) of the ox 
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liver gel supernatant fraction, which denatures 53% of the pro- 
tein, caused a 79% decrease in specific activity and 90% loss of 
units as measured in the catalytic assay, and a 60% decrease in 
specific activity and 71% loss of units as determined by substrate 
assay. Thus the acetoacetyl-CoA deacylase enzyme(s) was 
mostly destroyed, and it was confirmed that the endogenous 
HMG-CoA deacylase and cleavage enzymes were little affected 
(23, 13), by this treatment. However, the capacity of the heated 
fraction to form acetoacetate, as measured in the catalytic 
system, was largely restored by addition of an HMG-CoA-con- 
densing enzyme preparation from yeast (17), confirming the 
experiment of Lynen et al. (13). 

At present it is not possible to assess the role in liver ketogenesis 
of the enzyme we have partly purified and which appears to be 
an acetoacetyl-CoA deacylase. This enzyme is not restricted to 
ox liver for identical results to those recorded in Tables III, IV, 
and V have been obtained with an acetoacetate-synthesizing 
enzyme(s) extracted from rat liver mitochondria. These are re- 
ported elsewhere (29). Assuming that liver is 15% protein, the 
data in Table V yield a value of 43.2 g of acetoacetate synthe- 
sized per kg of liver per day by a 3.5-fold purified enzyme fraction 
or 12.3 g per kg per day by the original extract. The rat liver 
mitochondrial enzyme(s) synthesized 137 g of acetoacetate per 
kg per day. It has been shown by isotope methods (30), that 
rat liver slices from fed and fasted rats synthesized 9.6 and 22 g 
of acetoacetate per kg per day. Thus, quantitatively, the ac- 
tivity of the deacylase enzyme(s) is sufficient to account for much 
of the ketogenic capacity of liver. The statement by Lynen 
et al. (13), ‘“‘wir kénnen daher annehmen, dass die Acetacetat- 
bildung in der Leber, bis auf den Abbau der aromatischen Amino- 
siuren, tiber 6-Hydroxy-8-methyl-glutaryl-CoA fihrt,’” is 
obviously premature. It is clear that at least two enzymic 
mechanisms of acetoacetate synthesis can be demonstrated in 
soluble liver preparations, and more may occur in liver itself. 


Preparations and Methods 


Acetyl-CoA and other acetyl thioesters were prepared by acety- 
lation with acetic anhydride (31). Acetoacetyl-CoA was pre- 
pared by reacting CoA (Pabst) with sufficient redistilled diketene 
(13) to cause complete disappearance of sulfhydryl. Unreacted 
diketene and free acetoacetate were removed by ether extraction 
at pH 1 to 2 for 90 minutes at 0°. The solution was adjusted to 
pH 6 and stored frozen. Other acetoacetyl thioesters were pre- 
pared in analogous manner. dl-HMG-CoA was prepared with 
HGM anhydride (27), which was kindly provided by Dr. H. 
Rudney, and assayed chemically (23). Dithioloctanoic acid and 
reduced lipoamide were prepared by borohydride reduction of 
dl-lipoic acid and dl-lipoamide respectively. dl-Lipoic acid was 
obtained commercially. We thank Dr. Karl Folkers of Merck 
Sharp and Dohme Research Laboratories for a gift of dl-lipo- 
amide, and Dr. John A. Brockman of Lederle Laboratories for 
providing the 6- and 8-monothioloctanoie acids. 

Acetoacetate (including acetone) was estimated as before (1) 
in the experiments of Tables and II. In the remaining experi- 
ments acetoacetate was determined by the highly specific pro- 
cedure of Walker (32) and does not include acetone. It should 
be noted that the only other metabolites which react with the 
diazo reagent used in this method, malonate and oxaloacetate, 
give 12% or less of the color yield, and could not be formed from 
acetoacetyl-CoA. We have confirmed that acetoacetyl thioester 
(13), like ethyl acetoacetate (32), does not react in this assay. 
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Thus a solution of acetoacetyl-CoA (9.7 umoles per ml) prepared 
as above assayed 0.35 umole of acetoacetate per ml by Walker’s 
method. After complete enzymic reduction of acetoacetyl-CoA 
to 6-hydroxybutyryl-CoA (33) it still assayed 0.35 umole of 
acetoacetate per ml, showing that acetoacetyl-CoA gave no sig- 
nificant color with the diazo reagent. Recovery of acetoacetate 
(0.60 umole per ml) added to ox liver gel supernatant fraction 
(5 mg of protein) was 94.5% after 15 minutes incubation, and 
88.6% after 30 minutes of incubation, at 38° and pH 7.5. It 
should be noted that acetoacetyl-CoA contains 3 to 5% aceto- 
acetyl glutathione. The latter does not react in the enzymic 
assay for acetoacetyl-CoA, but is mostly hydrolyzed by an iodo- 
acetamide-insensitive acetoacetyl glutathione thioesterase pres- 
ent in the ox liver fraction to acetoacetate and GSH. No 
corrections for these two factors have been applied to the 
acetoacetate values recorded; they tend to cancel each other out. 
Acetoacetate values have been corrected for the traces of aceto- 
acetate in the acetoacetyl-CoA. Acetoacetyl-CoA was estimated 
enzymically with crystalline 6-hydroxybutyryl-CoA dehydrogen- 
ase (33). Acetyl-CoA was determined enzymically with purified 
malic dehydrogenase and crystalline citrate-condensing enzyme 
(34). Acetoacetyl-CoA does not react with condensing enzyme; 
however, it is essential in this DPN-linked reaction that both en- 
zymes be free of B-hydroxybutyryl-CoA dehydrogenase other- 
wise residual acetoacetyl-CoA partly reoxidizes the DPNH formed 
in presence of acetyl-CoA. Unrecrystallized citrate-condensing 
enzyme hassignificant dehydrogenase activity. Purified pig heart 
malic dehydrogenase (35) does not. Likewise, the B-hydroxy- 
butyryl-CoA dehydrogenase must be free of thiolase, otherwise 
acetyl-CoA, if present, will form acetoacetyl-CoA and thereby 
oxidize DPNH in a coupled reaction. Sulfhydryl release was 
determined chemically (36). 

Thiolase activity of liver fractions was assayed by following 
optically (15, 25) the cleavage of acetoacetyl-CoA (10-4 m) by 
CoA (10-4 m) in 5 X 10-* m MgCl, and 0.1 m Tris-HCl buffer, 
pH 8.1. In some cases, the enzymic condensation of two acetyl- 
CoA molecules to acetoacetyl-CoA was coupled to endogenous 
8-hydroxybutyryl-CoA dehydrogenase (24, 32), and the oxida- 
tion of DPNH followed at \ = 340 my, in 0.1 m Tris-HCI buffer, 
pH7.1. Phosphotransacetylase activity, in the absence of added 
thiol, was measured optically by following the increase in absorb- 
ance at A = 232 my (37) on adding Clostridium kluyveri enzyme 
(2 to 4 units) to 15 wmoles of acetyl phosphate and 0.1 umole of 
CoA in 1.50 ml of 0.1 m Tris-HCl buffer, pH 7.5. Other com- 
ponents of the acetoacetate assay system did not inhibit acetyl- 
CoA formation since various liver fractions synthesized larger 
amounts of citrate when oxaloacetate (20 ymoles) was sub- 
stituted for GSH (or cysteine) in the acetoacetate assay system 
(1). 


SUMMARY 


1. As measured in a catalytic assay system employing acetyl 
phosphate, coenzyme A (CoA), phosphotransacetylase, and thiol- 
ase to generate acetoacetyl-CoA, a partly purified acetoacetate- 
synthesizing enzyme(s) from ox liver displayed the following 
properties: (a) stimulation by Mg** and inhibition by potassium 
ethylenediaminetetraacetate (EDTA), (6) a requirement for 
added monothiol or dithiol compounds (glutathione, cysteine, 
(+)-dihydrolipoic acid, 2,3-dimercaptopropanol), (c) a narrow 
range of activity between pH 7 and 9 (pH optimum, 8.0) and 
(d) inactivation by heating to 50° for 10 minutes at pH 7.0. 
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2. The purified ox liver fraction catalyzed the conversion of 
acetoacetyl-CoA, added in substrate amounts, to acetoacetate in 
the absence of added Mgtt+ or thiol. This deacylation of ace- 
toacetyl-CoA was not inhibited by potassium EDTA and pro- 
ceeded unimpaired after complete inactivation of endogenous 
8-hydroxy-8-methylglutaryl coenzyme A (HMG-CoA)-condens- 
ing and -cleavage enzymes by treatment of the enzyme fraction 
with iodoacetamide. Thus the requirements evident in the cata- 
lytic assay system do not reflect the requirements of acetoacetyl- 
CoA deacylation itself. 

3. It was shown that HMG-CoA was not an intermediate in 
acetoacetate synthesis in our system, and that even in enzyme 
fractions possessing both HMG-CoA-condensing and -cleavage 
enzymes acetoacetate synthesis need not proceed by way of 
HMG-CoA. 

4. Evidence ispresented that a specific acetoacetyl-CoA deacyl- 
ase, which is not inhibited by iodoacetamide or EDTA and which 
is heat labile at 50°, occurs in the purified ox liver fraction, and 
that it can account for acetoacetate synthesis by the enzyme 
fraction. 

5. The physiological significance of the deacylase enzyme(s) 
in relation to liver ketogenesis is discussed. 
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Biosynthesis of Terpenes 


VII. ISOPENTENYL PYROPHOSPHATE ISOMERASE* 
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Studies on the conversion of mevalonic acid to squalene have 
revealed that mevalonic acid is successively phosphorylated to 
mevalonic acid 5-phosphate (1, 2) and to mevalonic acid 5-pyro- 
phosphate (3, 4), and is then decarboxylated with the removal of 
water to yield A*-isopentenyl pyrophosphate (3, 5). Investiga- 
tion of the enzymatic steps leading to the next known intermedi- 
ate compound, farnesyl pyrophosphate (5), revealed the presence 
of an enzyme which catalyzes the isomerization of A*-isopentenyl 
pyrophosphate to a new substance, 7 ,y-dimethylallyl pyrophos- 
phate (6). This report deals primarily with the properties of 
isopentenyl pyrophosphate isomerase obtained from yeast. 


EXPERIMENTAL 


Materials—p1-Mevalonic acid-2-C" was prepared from bromo- 
acetic acid-2-C“ and 3-ketobutanol (7). (+)-Mevalonic acid- 
5-P-2-C™ was prepared enzymatically (4). Radioactivity was 
determined in a Frieseke-Hoepfner gas flow counter or by means 
of a Packard Tri-Carb scintillation counter. Gas chromatog- 
raphy was performed in a Perkin-Elmer Fractometer.! The 
crystalline silver salt of isopentenyl pyrophosphate-1-C™ pre- 
pared from the barium salt (5), was dissolved with a slurry of 
Dowex 50 (H+) and the residual Ag* precipitated with KCl. 
The supernatant solution was neutralized and stored in the 
frozen state. Two preparations of isopentenyl pyrophosphate- 
1-C™ were used having specific activities of 6,000 c.p.m. and 
110,000 c.p.m. per umole, respectively. Dimethylallyl p 
phosphate was prepared from dimethylallyl alcohol (8). 3 

Assay for Isopentenyl Pyrophosphate Isomerase—It had pre- 
viously been demonstrated that isopentenyl pyrophosphate 
accumulated when crude yeast enzymes were incubated with 
(+)-mevalonic acid-5-P in the presence of iodoacetamide, and 
that in the absence of iodoacetamide other products would ac- 
cumulate which were characterized by extremely acid-labile 
pyrophosphate bonds (5). A two-step assay was devised in 
which (+)-mevalonic acid-5-P-2-C™ was first converted to iso- 
pentenyl pyrophosphate-4-C™" by a crude enzyme system (see 
preparation of Fractions I and II) and then incubated with 
isomerase preparations. 


* This work was supported by the Deutsche Forschungsgemein- 
schaft and Fonds der Chemischen Industrie. 

t Section on Lipide Chemistry, National Institute of Neuro- 
logical Diseases and Blindness, National Institutes of Health, 
Bethesda, Maryland. 

1 The authors are indebted to Dr. R. Beckmann, Max-Planck- 
Institut fir Biochemie, for the use of this apparatus. 
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isopentenyl pyrophosphate dimethylallyl pyrophosphate 


In the test system, 6 wmoles of MgCle, 2 umoles of ATP, 20 
umoles of Tris buffer, pH 8, 6 umoles of MgK:-EDTA,? 6 umoles 
of (+)-mevalonic acid-5-P-2-C™ (915 c.p.m.), 30 wmoles of KF, 
3 umoles of iodoacetamide, and 0.04 ml each of Fractions I and 
II were incubated in a total volume of 0.6 ml at 37° for 30 min- 
utes. Under these conditions the substrate was virtually totally 
converted to isopentenyl pyrophosphate. Glutathione, 6 umoles, 
followed by the enzyme fraction to be tested were then added 
consecutively to make the total volume 0.66 ml. After incuba- 
tion for an additional 30 minutes, the reaction was terminated 
by the addition of 0.66 ml of 6% trichloroacetic acid. The 
supernatant solution obtained after centrifugation was extracted 
with 5 ml of ether and an aliquot of the aqueous layer was dried 
on an aluminum planchet and counted. The loss of radioactivity 
indicated the amount of conversion to dimethylallyl pyrophos- 
phate. The relationship of amount of enzyme to utilization of 
substrate is illustrated in Fig. 1. 
quite useful in that it requires the relatively available substrate, 
(+)-mevalonic acid-5-P-2-C%. The synthesis of isopentenyl 
pyrophosphate-1-C™ made a simpler test possible. In this test, 
0.1 umole of isopentenyl pyrophosphate-1-C' (600 c.p.m.), 2 
umoles of MgCle, 2 umoles of Tris buffer, pH 8, in a total volume 
of 0.2 ml were incubated at 37°. After 15 minutes, 0.2 ml of 6% 
trichloroacetic acid was added and the sample was extracted and 
counted as with the previous method. With both assay systems, 
tests in which more than one-half of the substrate was consumed 
were repeated with less enzyme or were incubated for a shorter 
period. Protein was measured by the biuret method (9). 

Preparation of Enzymes for Production of Isopentenyl Pyro- 
phosphate from Mevalonic Acid-5-P—Crude fractions which cat- 


2 The abbreviation used is: EDTA, ethvlenediaminetetraace- 
tate. 
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alyzed the steps summarized in Reaction 1 were prepared from 
yeast (5). To 600 g of unpressed Oberkotzau brand bakers’ yeast 
warmed to room temperature, 36 ml of toluene were added and 
the mixture was incubated with occasional stirring for 45 min- 
utes at 37°. The autolysate was brought to room temperature 
and 500 ml of water were added followed by the dropwise addi- 
tion of 5 Nn KOH to maintain the pH between 7.4 and 7.6 as 
measured by the immediate color obtained with narrow range 
indicator paper. The pH was adjusted in this manner at about 
30 minute intervals for 5 hours. The autolysate was then 
allowed to stand for an additional 12 to 16 hours at room tem- 
perature. After centrifugation at 3,600 x g, the supernatant 
fluid was cooled to 0° and brought to pH 6.3 with 2 N acetic 
acid. Two fractions were obtained with acetone, one which 
sedimented between 0 and 30% acetone concentration at —2°, 
and another which sedimented between 30 and 50% acetone 
concentration at —6°. Each fraction was suspended in 50 ml 
of water and dialyzed against 10 liters of water for 2 hours at 
2°. The 0 to 30% acetone fraction was brought to pH 5.5 with 
2 N acetic acid and was centrifuged. The supernatant fluid was 
brought to pH 6.7 with 1 n NH,OH. This solution was desig- 
nated Fraction I. To the 30 to 50% acetone fraction, 8 ml of a 
neutralized solution containing 25 mg of yeast RNA per ml were 
added slowly. The pH was lowered to 4.75 with 1 N acetic acid. 
After 30 minutes at 0°, the material was centrifuged and the pH 
was brought to 6.6 with 1 m Tris. This preparation was desig- 
nated Fraction II. Both Fractions I and II were stored at —15° 
and were thawed as needed for the assay. 


RESULTS 


Purification of Isopentenyl Pyrophosphate Isomerase—By means 
of the first test system described above, the isomerase was pu- 
rified about 20-fold from an autolysate of yeast. The purified 
fraction catalyzed the isomerization of 1 umole of substrate per 
hour per mg of protein. The enzyme was prepared as was Frac- 
tion II except that after the addition of RNA, the pH was 
brought to 5.5 with 1 m Tris. Calcium phosphate gel was added 
to the supernatant fluid in the ratio, 0.5 g (dry weight) of gel 
per g of protein. The gel was sedimented by centrifugation, 
resuspended in water, and again centrifuged. The washed gel 
was similarly treated with 0.1 m potassium phosphate buffer, 
pH 6, and then twice with 0.1 m potassium phosphate buffer, 
pH 7. The protein fractions eluted at pH 7 were combined. 
The final preparation rapidly lost activity over a period of 1 to 
2 weeks and was not stabilized by the addition of cysteine, re- 
duced glutathione, or by EDTA. This preparation was used for 
several preliminary studies including the identification of di- 
methylallyl pyrophosphate as the reaction product (6). In the 
course of preparation of autolysates for the purification of this 
enzyme, it was observed that autolysates which contained rela- 
tively little protein also contained a very high specific activity of 
isomerase. Subsequent investigations revealed that if autol- 
ysates were allowed to stand for only 1 hour after the addition 
of KOH, the specific activity of such autolysates was higher than 
the most purified fractions previously obtained. The original 
purification procedure did not further purify the isomerase of 
the ‘“l-hour” autolysate significantly. A new procedure (Table 
I) resulted in a 6-fold purification. The resulting preparation 
was highly active, essentially free of contaminating enzymes, and 
was completely stable over a period of several months when 
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Fig. 1. Assay system for isopentenyl pyrophosphate isomerase. 
Conditions are given in text. 


stored at —15°. One kilogram of fresh unpressed Oberkotzau 
brand bakers’ yeast was mixed with 60 ml of toluene and was 
incubated at 37° for 45 minutes. Fifty milliliters of water were 
then added followed by the dropwise addition of 5 n KOH to 
maintain the pH between 7.2 and 7.4. At the end of 1 hour, 


the thick mixture was centrifuged at 3,600 x g for 30 minutes. 


The supernatant fluid was dialyzed against 10 liters of water at 
2° for 4 hours. The water was replaced and the dialysis was 
continued for another 12 hours. The pH of the dialysate was 
brought to 6.2 by the addition of a few drops of 1 N acetic acid, 
and alumina gel Cy (16 mg per ml) was added in the ratio of 
0.5 g of gel per g of protein. The mixture was stirred at 0° for 
20 minutes, centrifuged at 10,000 x g for 5 minutes, and the 
supernatant solution discarded. The sedimented gel was washed 
with 50 ml of water and again centrifuged. The sedimented gel 
was then stirred with 10 ml of 0.2 m potassium phosphate buffer, 
pH 7, for 30 minutes. The mixture was centrifuged, and the 
elution repeated twice with portions of 10 ml of the same buffer. 
The pH 7 eluates were combined and fractionated by the gradual 


TABLE I 


Purification of isopentenyl pyrophosphate isomerase from 
‘‘1-hour’’ yeast autolysate 


Preparation Volume | Protein 
mil. még. nits /meg. 
Autolyeate. .... 450 2025 2328 1.15 
After dialysis................. 515 2010 2251 1.12 
Eluate from Cy gel........... 33 296 603 2.04 
Ammonium phosphate frac- 
tion, 35-54 g per 100 ml..... 5 84 550 6.55 


* A unit of isomerase is defined as the amount of enzyme which 
catalyzes the isomerization of 1 ymole of substrate per hour at 37°. 
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addition of solid (NH4)2HPO, to the enzyme solution maintained 
at 0° and agitated with a mechanical stirrer. The protein which 
sedimented between 0 and 35 g of (NH4)2HPO, per 100 ml of 
solution was removed by centrifugation and discarded. The 
fraction which sedimented between 35 and 54 g of (NH4)2HPO., 
per 100 ml of solution after centrifugation at 22,000 x g for 30 
minutes, was suspended in a small volume of water and frozen. 
The preparation was thawed just before use and a small aliquot 
diluted with 5 to 20 volumes of water to form a clear yellow 
solution. For some experiments the enzyme was first dialyzed 
against water for 2 hours. 

Reversibility of Isomerization—When synthetic dimethylallyl 
pyrophosphate and isomerase were incubated in H®OH followed 
by treatment with phosphatase, radioactive isopentenol could 
be isolated from the mixture (Fig. 2). 


DETECTOR RESPONSE 


20 26 26 32 36 40 44 48 52 


TIME IN MINUTES 


Fic. 2. Reversal of isopentenyl pyrophosphate isomerase. A 
mixture containing 12 mg of dialyzed isomerase, 5.0 umoles of di- 
methylallyl pyrophosphate, 100 uwmoles of Tris buffer, pH 8, 30 
pmoles of MgCle, 30 wmoles of MgK2-EDTA, and 20 mc of 
in a total volume of 1.5 ml was incubated at 37°. At the end of 30 
minutes, 1.5 ml of 6% trichloroacetic acid were added. The pre- 
cipitate which formed was washed with 2 ml of 3% trichloroacetic 
acid. The combined supernatant solutions were extracted three 
times with quantities of 5 ml of ether. Next, 25 ml of 95% etha- 
nol, 0.05 ml of 1 m potassium phosphate buffer, pH 8, 0.05 ml of 2 
n NH,OH, and 0.3 ml of 1 m Ba-acetate were added. The mixture 
was cooled to 0° for 30 minutes and then centrifuged. The pre- 
cipitate contained together with Ba;(PO,)2, the barium salt of iso- 
pentenyl pyrophosphate. The supernatant solution was discarded 
and the precipitate was washed with 10 ml of 80% ethanol, and then 
suspended in 6 ml of water containing 0.15 ml of 1 m LisSO, and 
1 ml of 2 N acetic acid. The supernatant solution obtained upon 
centrifugation was neutralized with 1 n KOH. Large amounts of 
HOH could be detected in this solution by scintillation counting 
techniques. Thesolution was therefore evaporated under reduced 
pressure, taken to dryness several times with ethanol, and dried 
over P,0O;. The dried residue was dissolved in 5 ml of water, the 
pH adjusted to 5.7 with 2 Nn acetic acid, and 1.5 mg of prostatic 
phosphatase were added. After incubation at 37° for 4.5 hours, 
0.02 ml each of dimethylvinylcarbinol, isopentenol, and dimethy]- 
allyl alcohol was added. The mixture was extracted three times 
with quantities of 3 ml of ether. The extracts were combined, 
dried over Na,SO,, and evaporated to 0.1 ml. One-half of this 
extract was injected into a 2-m. column heated to 51° under a pres- 
sure of 1.1 kg He per cm?. Eluent gases were collected for the 
time periods indicated by the boxed areas in collecting tubes 
cooled by a Dry-Ice-acetone mixture. The contents of the col- 
lecting tubes were flushed into scintillation counting vials with 
toluene, phosphor-toluene solution was added, and the radioac- 
tivity was estimated. 
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Fig. 3. Equilibrium of the isopentenyl pyrophosphate iso- 
merase reaction. A mixture containing 0.4 umole of isopenteny] 
pyrophosphate-1-C!4 (110,000 c.p.m. per umole), 140 wzmoles of Tris 
buffer, pH 8, 42 uwmoles of MgCle, 42 wmoles of MgK.-EDTA, and 
2.4 mg of dialyzed isomerase were incubated in a total volume of 
4.2 ml at 37°. Aliquots of 0.2 ml were withdrawn at the indicated 
time intervals, added to 0.2 ml of 6% trichloroacetic acid and then 
extracted with ether and counted. At the end of 31 minutes, the 
pH was brought to 3 with 5n HCl. The mixture was allowed to 
stand for several minutes and the pH was then restored to 8 by 
the addition of 5n KOH. An additional 2.4 mg of enzyme were 
added, and additional samples withdrawn as shown. The time 
interval at pH 3 is not shown in the figure. Values for the second 
incubation are corrected for dilution and self-absorption. 
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Equilibrium of Isomerization Reactton—Isopentenyl pyrophos- 
phate-1-C™ was added to isomerase and when equilibrium had 
been established, the dimethylallyl pyrophosphate formed was 
destroyed by the addition of acid. The incubation mixture was 
then neutralized, additional enzyme added, and a new equilibrium 
achieved (Fig. 3). By means of simultaneous equations, the 
results could be interpreted to indicate that the isopentenyl 
pyrophosphate was 87% reactive and that at equilibrium, about 
93% of substrate was in the form of dimethylallyl pyrophosphate. 
The fact that the crystalline isopentenyl pyrophosphate-1-C™ 
was not completely active is perhaps the result of a slight amount 
of decomposition which could occur upon acidification of the 
silver salt with ion exchange resin (see ‘‘Experimental’’), or the 
result of partial hydrolysis of the substrate by phosphatases in 
the enzyme preparation. For this reason, the exact equilibrium 
value for the reaction cannot be stated. 
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Fic. 4. Optimum pH of isomerase reaction. Incubation mix- 
tures contained 0.1 umole of isopentenyl pyrophosphate-1-C' 
(110,000 c.p.m. per umole), 20 umoles of buffer, 6 umoles of MgClo, 
6 umoles of MgK2-EDTA, and 0.1 mg of isomerase in a total vol- 
ume of 0.6 ml. Tubes were incubated at 37° and aliquots of 0.2 
ml were withdrawn at zero time and after 10 minutes, added to 0.2 
ml of 6% trichloroacetic acid, extracted with ether, and counted. 
Potassium acetate buffer was used for pH 4.0 to 6.1, potassium 
phosphate buffer for 7.6 and 8.1, and Tris buffer was employed for 
pH 9.3 and 9.8. 


pH Optimum—A broad pH optimum was observed extending 
from 5.5 to 9.3 (Fig. 4). 

Magnesium Dependence—The enzyme was ren in the 
absence of added magnesium ion. The reaction was somewhat 
inhibited by high magnesium concentration (Fig. 5). 

Enzyme-Substrate Affinitty—The Michaelis constant of iso- 
pentenyl pyrophosphate for isopenteny] pyrophosphate isomerase 
was calculated by plotting v against v/S (10, 11) =e estimated 
to be 3.6 X 10-5 m 

Effect of I Substances—Isopenteny] was 
inhibited completely by 10-4 m p-chloromercuribenzoate or by 
10-3 m iodoacetamide (Fig. 6). The p-chloromercuribenzoate- 
inhibited enzyme could be reactivated to 65% of its original 
activity (after a period of gradual reactivation) by the addition 
of reduced glutathione (Fig. 7). 

Presence of Isomerase in Animal Tissues—A 150-g Swiss albino 
rat was killed by decapitation and various tissues were each 
suspended in 4 volumes of an isotonic potassium phosphate 
buffer, pH 7.5, and dispersed in a glass homogenizer. Aliquots 
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of 0.05 ml of each preparation were added to tubes containing 
12 umoles of MgCle, 12 uwmoles of MgK.-EDTA, 0.1 umole of 
isopentenyl pyrophosphate-1-C™ (11,000 c.p.m.), and 40 wmoles 
of Tris buffer, pH 8. Tubes were incubated at 37°, and iso- 
pentenyl pyrophosphate content was assayed at zero time, after 
5, and after 20 minutes of incubation. Disappearance of sub- 
strate was detected under these conditions in liver, kidney, and 
brain, but not in heart muscle extract (Table II). A sample of 
rat liver tissue was homogenized in the phosphate buffer for 30 
seconds in a high speed blendor. The supernatant solution ob- 
tained by centrifugation at 100,000 x g for 20 minutes was found 
to possess considerable enzymatic activity, and had a specific 
activity of 3.9 umoles of substrate isomerized per hour per mg 
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MAGNESIUM ION CONCENTRATION (p MOLES /mi) 
Fic. 5. Magnesium dependence of isomerase. Incubation mix- 


_tures contained 0.1 wmole of isopentenyl pyrophosphate-1-C"'™ 


(110,000 c.p.m. per wmole), 0.12 mg of dialyzed enzyme, 50 umoles 
of Tris buffer, pH 8, and MgCl, as indicated in a total volume of 
1.0 ml. Samples were incubated at 37° and aliquots of 0.2 ml 
added to an equal volume of 6% trichloroacetic acid at zero time 
and after 15 minutes of incubation, extracted with ether and 
counted. 
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Fia. 6. Inhibition of isomerase by SH-blocking agents. Incu- 
bation mixtures contained 0.13 umole of isopentenyl pyrophos- 
phate-1-C" (110,000 c.p.m. per umole), 0.1 mg of enzyme, 12 umoles 
of MgClz, 12 wmoles of MgK2-EDTA, 40 umoles of Tris buffer, pH 
8, and inhibitor agent as noted in a total volume of 1.0 ml. Ali- 
quots of 0.2 ml were withdrawn, added to an equal volume of 6% 
trichloroacetic acid, extracted with ether, and counted. 
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Fic. 7. Reactivation of p-chloromercuribenzoate-inhibited iso- 
merase by glutathione. The control tube contained 0.2 umole of 
isopentenyl pyrophosphate-1-C™ (110,000 c.p.m. per wmole), 0.4 
mg of isomerase, 70 umoles of Tris buffer, pH 8, 20 umoles of MgCl, 
and 20 umoles of MgK:-EDTA in a total volume of 2.0ml. Two 
other tubes each contained in addition, 0.2 wmole of p-chloromer- 
curibenzoate. Samples of 0.2 ml were withdrawn and added to 
0.2 mi of 6% trichloroacetic acid, extracted with ether, and 
counted. 


TaB_e II 


Amount of isopentenyl pyrophosphate isomerase 
in various sources 


Source Units® per gram 
Rat liver. 22.8 


* As defined in Table I. 


of protein. Disappearance of isopentenyl pyrophosphate was 
completely inhibited by the addition of 10-* m iodoacetamide. 


DISCUSSION 


The original hypothesis of Ruzicka (12) that complex terpenes 
are formed from isoprene unite has for some time received sup- 
port from the periodicity of isotope distribution observed in 
experunents on the incorporation of labeled acetate into squalene 
and cholesterol (13, 14). Insight into the mechanism of terpene 
formation was gained by the discovery of mevalonic acid (15), 
ite conversion into cholesterol (16), and its formation from acetate 
(17-20). It is now known that mevalonic acid, mevalonic 
acid-5-P, mevalonic acid 5-pyrophosphate, and isopentenyl 
pyrophosphate are all successive intermediate compounds in the 
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formation of terpenes (3, 5). The next known intermediate 
compound, farnesyl pyrophosphate (5), was characterized by an 
acid-labile pyrophosphate ester bond which was attributed to 
its allylic nature. An assay based on this lability has indicated 
that the first reaction in this conversion is the isomerization of 
isopentenyl pyrophosphate to form an allylic pyrophosphate in 
the form of dimethylallyl pyrophosphate. The chemical syn- 
thesis of dimethylallyl pyrophosphate has now firmly established 
it as the product of the isomerization (8) and has permitted the 
demonstration of its reversibility. Recent studies on the further 
reaction of dimethylallyl pyrophosphate (8, 21) now make com- 
plete the principal enzymatic sequences leading to farnesyl pyro- 
phosphate. The allylic pyrophosphate structure of dimethylally] 
pyrophosphate permits it to serve as an alkylating agent in a 
condensation reaction with a second molecule of isopenteny] 
pyrophosphate. The geranyl pyrophosphate thus formed has 
again an allylic pyrophosphate and combines with isopenteny] 
pyrophosphate to form farnesyl pyrophosphate. The entire 
sequence is represented diagrammatically in Fig. 8. The conver- 
sion of isopentenyl pyrophosphate to gerany] pyrophosphate may 
be represented as follows: 
A B C 


A direct analogy may be drawn to the formation of fructose 
1 ,6-diphosphate from glyceraldehyde-3-P by triose phosphate 
isomerase and aldolase in the reversal of glycolysis. In each 
instance a compound is isomerized into two unlike components 
to facilitate condensation. Since the equilibrium of the isomer- 
ization lies far in the direction of dimethylally] pyrophosphate 
formation, it would at first seem that isopentenyl pyrophosphate 
is immediately converted to dimethylallyl pyrophosphate and 
then slowly pulled back to isopentenyl pyrophosphate by the 
irreversible condensation to geranyl pyrophosphate with the 


3MVA-5-PP (Cg) 


(OECARBOXYLATING) 
ENZYME, ATP, Mg**) -3C0> 


IsPP(Cs5) IsPP IsPP 


(/SOMERASE) 
Mg** 
| ( SYNTHETASE. ( SYNTHETASE, 
Mg** Mg** 

DmalPP(Cs) GePP(Ci0) FaPP(C15) 
+ PP + [PP] 

(PARTICLES) 

TPNH 
SQUALENE (C39) 


Fic. 8. Diagrammatic representation of the conversion of iso- 
pentenyl pyrophosphate to higher terpenes. MVA-5-PP = meva- 
lonic acid 5-pyrophosphate; IsPP = isopentenyl pyrophosphate; 
DmalPP = dimethylallyl pyrophosphate; GePP = geranyl pyro- 
phosphate; and FaPP = farnesyl pyrophosphate. 
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Fic. 9. Mechanism of isopentenyl pyrophosphate isomerase 
reaction. Starred hydrogen atoms should be able to exchange 
with hydrogen in the medium (see text). 


release of free pyrophosphate (8). From a consideration of the 
probable mechanism of the isomerization (Fig. 9), it would ap- 
pear that if the reaction were allowed to come to equilibrium in 
the presence of hydrogen-labeled isotopic water, label would be 
found in 3 positions of isopentenyl pyrophosphate and in 3 posi- 
tions of dimethylallyl pyrophosphate. Depending on the stere- 
ospecificity of the condensation, the label on carbon 2 of dimeth- 
ylallyl pyrophosphate would or would not be lost. Disregarding 
the reductive condensation of farnesyl pyrophosphate involving 
the hydrogen on carbons 15 and 16 of squalene, one would then 
expect a maximum of 14 to 18 hydrogen atoms of the final squal- 
ene to be labeled in the conversion of mevalonic acid to squalene 
in the presence of isotopic water. In such experiments with 
yeast extracts, Rilling and Bloch (22) have found that of carbons 
1 to 14 and 16 to 30 of squalene, only the terminal methyl groups 
are labeled and to the extent of about 2 atoms of hydrogen per 
molecule of squalene. The label was then confined to the end- 
pieces which are derived from dimethylallyl pyrophosphate and 
the labeling corresponds to a situation in which the isomerase or 
reactions leading to the formation of isopentenyl pyrophosphate 
are rate limiting, so that no recycling of isopentenyl pyrophos- 
phate occurs. Experimental support of this is found in the fact 
that considerably more synthetase (8) activity is found than 
isomerase activity in yeast extracts. 

The incorporation of tritium into isopentenol observed after 
incubation of isomerase with dimethylallyl pyrophosphate (Fig. 
2) was about 2% of that expected from complete equilibration 
of the exchangeable positions of isopentenyl pyrophosphate. 
This low value may be attributed to possible isotope effect, in- 
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complete equilibrium, or to the presence of small amounts of 
synthetase contaminating the isomerase preparation. That the 
observed exchange is not a nonenzymatic one is evidenced by 
the fact that dimethylallyl pyrophosphate is not converted to 
higher polymers by synthetase in the absence of isopentenyl 
pyrophosphate and isomerase (8). 

In regard to the proposed enzyme-substrate compound, it is 
of interest that the formation of felinin, a naturally occurring 
substance in cats 


CH: 
H; c—¢—cu, CH:OH 
bu,—cH.—c OOH 
NH, 


has been shown to be derived from mevalonic acid (23). It is 
probable that either isopentenyl pyrophosphate or dimethylallyl 
pyrophosphate enters into the pathway for the formation of this 
compound. 

The presence of isopentenyl pyrophosphate isomerase in rat 
tissues supports the contention that the isomerase is also an 
essential component of the enzyme system which synthesizes 
complex terpenes such as squalene and cholesterol in animals. 
In fact, rat liver would seem to be a good source of isomerase 


for experimental purposes. 
SUMMARY 


The properties of an enzyme which catalyzes the isomerization 
of A*-isopentenyl pyrophosphate to y , y-dimethylallyl pyrophos- 
phate are described. The reaction is discussed in relation to its 
participation in the biosynthesis of terpenes. 
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Previous investigations from this (1-5) and other laboratories 
(6-9) have demonstrated the remarkable metabolic activity of 
adipose tissue and its marked sensitivity to insulin, as measured 
by either glucose oxidation or the incorporation of glucose car- 
bon into tissue glycogen, glycerol, and fatty acids. With regard 
to the metabolism of fatty acids per se, Stern and Shapiro (10) 
as well as Shapiro et al. (11) have reported that adipose tissue 
incubated in vitro incorporates labeled free fatty acids from the 
medium into neutral lipid and that this process is markedly in- 
fluenced by the nutritional state of the animal, being diminished 
when tissue was obtained during fasting, and increased after 
refeeding. Earlier studies by Shapiro et al. (12) had shown that 
adipose tissue isolated and incubated in vitro effects a net up- 
take of lipid from the incubating medium under suitable con- 
ditions. In the present report, studies on the effects of insulin 
and of varying glucose concentrations on the metabolism of 
palmitate-1-C™ by adipose tissue will be described. These ex- 
periments have been carried out under conditions entirely com- 
parable to those previously used for the study of glucose, 
pyruvate, and acetate metabolism by this tissue (1, 2, 4). 


EXPERIMENTAL 


Materials and Methods 


Rats of the Wistar strain (Harvard Biological Laboratories 
and Albino Farms) weighing between 190 and 280 g were fed 
ad libitum, decapitated, and the epididymal adipose tissue ex- 
cised and cut into from two to eight equal pieces. In these 
experiments the incubation medium contained 3 to 4 g per 100 
ml human albumin, which was obtained from the Protein Foun- 
dation, Inc. through the courtesy of Dr. R. B. Pennell. Titra- 
tion of this albumin by the method of Gordon (13) gave a fatty 
acid concentration of 1.2 to 1.4 m eq. per mmole of albumin. 
The albumin concentration was determined both by the dye 
method of Rutstein et al. (14) and by a micro-Kjeldahl proce- 
dure. When higher medium fatty acids were desired, unlabeled 
sodium palmitate was added. The medium, in volumes of 300 
ml, was dialyzed against three 5-liter charges of Krebs bicar- 
bonate buffer previously equilibrated to pH 7.4 with 5% COx 
95% Oe, and was passed through a sterilizing mesh Seitz filter. 


* These studies have been supported by grants from the Massa- 
chusetts Heart Association and the United States Public Health 
Service (A-2460). 

t Massachusetts Heart Association Research Fellow. 

t Medical Foundation, Inc. Research Fellow, Boston, Massa- 
chusetts. 

§ Recipient of a Fellowship from the Governments of Canada 
and the Province of Quebec. 


Palmitic acid-1-C™ was obtained from the New England Nu- 
clear Corporation and added as the sodium or potassium salt 
to provide approximately 50,000 c.p.m. per ml of medium. 

At the end of the incubation (3 hours), tissues were removed 
from their respective flasks, rinsed briefly in two volumes of 
1 ml of medium without added label, then in two successive 
volumes of 5 ml Krebs bicarbonate buffer, blotted, transferred 
to 20 ml of 2:1 chloroform-methanol (15), and extracted with 
shaking during 4 hours. After a second extraction with 20 ml 
of chloroform-methanol, the residual tissues were analyzed for 
nitrogen. An aliquot of each chloroform-methanol extract was 
evaporated; the lipids were weighed, and a portion was plated 
and counted. Another aliquot was saponified in 0.5 N ethanolic 
potassium hydroxide, and both the weight and the specific ac- 
tivity of the fatty acids were determined. 

In some experiments, a third aliquot of the original chloro- 
form-methanol extract was evaporated and the lipid partitioned 
by the following modification of the method of Borgstrom (16). 
Five milliliters of ethanolic potassium hydroxide (5 volumes of 
33% aqueous potassium hydroxide, 45 volumes of ethanol, and 
50 volumes of water with 1 or 2 drops of thymol blue as indica- 
tor) were delivered into a 25-m]l screw-capped round-bottomed 
tube containing a 3-mm magnetic stirring bead. Over this was 
gently layered 1 ml of reagent grade petroleum ether (60—120° 
boiling point). .A portion of the lipid to be analyzed was dis- 
solved in petroleum ether and 2 ml of this solution, containing 
approximately 25 mg of lipid, were carefully layered over the 
petroleum ether already in the tube. Another milliliter of 
petroleum ether containing approximately 0.1 mg of palmitate 
was used to gently wash down the walls of the tube. At no 
time was the original ether-alcohol interphase agitated. By 
means of the magnetic stirring bead already in the tube and a 
magnetic stirrer, the lower phase was rotated gently against the 
upper phase for 3 hours at 0°, extreme care being taken not to 
cause any turbulence and, thereby, emulsification. The tubes 
were then centrifuged at 2000 r.p.m. for 2 hours at 0° and 2 ml 
of the supernatant ether were carefully transferred to a tube and 
evaporated. Before evaporating, approximately 5 mg of neu- 
tral lipid were added as carrier, if necessary, and the total lipid 
contained in the tube was quantitatively transferred to a plan- 
chette for counting. The radioactivity so obtained was that of 
the neutral lipid fraction. The remainder of the supernatant 
fluid was removed and discarded, 5 ml of petroleum ether were 
used to gently wash the walls of the tube, being subsequently 
removed and discarded, and another 5 ml of petroleum ether 
were added. The system was again stirred at 0° for 4 hour, 
and the supernatant was totally removed and discarded. An 
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TABLE I acid-1-C or palmitic-1-C™ tripalmitin (New England Nuclear (5 n 
Effect of varying medium fatty acid concentrations Corporation), and gave 98 + 2% recovery of the former in the ml), 
Albumin 3 g per 100 ml, glucose 5 mm; mean of 5 experiments ethanolic potassium hydroxide phase and 99.5 + 1% of the med 
with standard errors. latter in the supernatant or ether phase. Meticulous observa- brot 
e : tion of all the precautions suggested, serving primarily to avoid of t 
Medium labeled fatty change spontaneous hydrolysis of emulsified interphases, was essential effec 
fatty acids COs Tissue lipid oo fatty acids to achieve satisfactory separation. of g 
Calculations were based on the assumption that added palmi- cove 
m eq./liter | eq./mg tissue N | issue | eg./mg tissueN  tate-1-C" equilibrated with fatty acids present on the albumin, tion 
0.550 0.006 + 0.00110.49 + 0.050.73 + 0.08/+0.46 + 0.09 determined by titration. Values are expressed as micro- beca 
1.280 0.017 + 0.0021.26 + 0.232.27 + 0.41/—-1.13 + 0.39 equivalents of fatty acid (calculated from the counts per ml and the 
2.000 (0.027 + 0.0052.04 + 0.262.54 + 0.41/-1.50 + 0.38 the titratable fatty acids per ml at the beginning of the incuba- pora 
2.800 0.034 + 0.0063.07 + 0.523.84 + 0.24/—2.00 + 0.36 tion) recovered in the tissue lipid fraction or in the evolved CO, Pau 
: | at the end of the incubation. Similar flasks without tissue Tab 
were incubated to determine the evolution of labeled CO: and CM 
aliquot of 4 ml of the infranatant aqueous phase was carefully this amount was subtracted from that amount in the experi- gluc 
removed (without touching the few remaining drops of petro- mental flasks. Procedures used for chemical determinations pres 
leum ether at the periphery of the surface), the pipette wiped, and for radioactivity measurements, insofar as they have not 0.08 
and the solution transferred to another 25-ml screw-capped been mentioned, have been previously described (1, 4). This 
tube containing another stirring bead, acidified with 3 Nn hydro- lism 
chloric acid to the pink end point with thymol blue, overlayered etal met: 
with 5 ml of petroleum ether, and stirred for 1 hour at room In Table I the oxidation of palmitate-1-C"* and its incorpora- A 
temperature. An aliquot of the supernatant was washed three tion into tissue lipids have been related to different initial me- mig} 
times with water, 5 mg of carrier lipid added, evaporated and dium fatty acid concentrations. All flasks contained 5 mm just 
planchetted for counting, the radioactivity so obtained being glucose and 3 g per 100 ml of albumin. Oxidation and incor- in 7 
that of the fatty acids derived from the original total extracted poration of the labeled substrate were directly proportional to was 
lipid. Occasionally, when the radioactivity of one fraction was the concentration of medium fatty acids; although at the lowest and 
unusually high, it was repartitioned for further accuracy. The fatty acid concentration used there was net release of titratable mea 
procedure was repeatedly checked, with the use of palmitic fatty acids into the medium as compared to net uptakes into of b 
the tissue at higher medium fatty acid concentrations. The the | 
TABLE II exchange of labeled medium fatty acids for unlabeled tissue Si 
Effect of varying glucose concentrations fatty acids is also apparent from the data obtained at higher affiec 
Albumin 3 g per 100 ml. medium fatty acid levels, since in each case recovery of labeled lipid 
palmitate in the tissue was greater than the net change in drat 
Oxidation to CO:* Incorporation into tissue lipid* medium titratable fatty acid concentration. Disappearance of hepa 
lia : : labeled fatty acids from the medium exceeded the sum of the rizec 
concen- Medium | Medium fatty acit concentration amount recovered in tissue lipid and the amount recovered in inco: 
CO:, a discrepancy most likely due to loss of label in the washing cant 
07 | 2.24 0.97 2.24 process after incubation. by ¢ 
ie Table II summarizes two series of experiments in which the 5 m 
0 0.028 0.092 0.331 0.760 fatty acid concentration was kept at 0.970 and 2.24 m eq. per the 
(0.625 0.022 0.062 0.551 1.370 liter, respectively, and the concentration of medium glucose lishe 
1.25 0.011 0.060 0.652 1.973 varied from 0 to 5 mm. The greater degree of fatty acid oxida- gala 
2.5 0.011 0.034 0.700 2.070 tion and incorporation into lipid by the tissues incubated in the inde 
5.0 0.009 0.031 0.788 2.353 medium containing the higher concentration of fatty acids is into 
: again evident. At both concentrations of fatty acids there is one- 
* Values in » eq./mg of tissue N. a sparing of fatty acid oxidation by glucose, and an increased 
incorporation of palmitate carbon into tissue lipid with increas- 
Tase IIT ing glucose concentration. These effects of glucose are clearly 
Effect of glucose and insulin evident at a glucose concentration of 0.625 mm, and, in other I 
Albumin 3 to 3.5 g per 100ml. Fatty acids 1.1 to 1.8 meq. per experiments were also found to be present at one-half this con- 
liter. Values in yw eq. per mg of tissue N. centration. 
In view of this apparent interrelation between the availability 
ine aor’ (5 mu) of glucose and the metabolism of fatty acids by adipose tissue, 
(3 mm) (0.1 unit/ml) |, and and since glucose metabolism in this same tissue, incubated un- 
(0.1 unit/ml) der identical conditions, has been shown to be markedly in- 
aye fluenced by insulin (1, 4), the effect of insulin on the metabolism 
Oxidation to COs) 0.061 sien 0.057 0.016 of palmitate-1-C' was next studied. In Table III are summa- 
+ 0.004 + 0.0048; + 0.006) + 0.003 
ineerperation 0.525 1.242 0.560 1554 rized the results of 20 experiments, each comparing four pieces 
into tissue lipid) + 0.0388 + 0.130 + 0.042} + 0.184 Of tissue from the same animal, one incubated in medium, 
without addition, the second in the presence of added glucose 7 
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(5 mm), the third in the presence of added insulin (0.1 unit per 
ml), and the fourth with both insulin and glucose added to the 
medium. The decrease in the oxidation of palmitate-1-C™ 
brought about by glucose was further enhanced in the presence 
of both glucose and insulin. Insulin alone had no apparent 
effect on the oxidation of palmitate-1-C'. Again, the presence 
of glucose alone in these experiments led to doubling of the re- 
covery of palmitate-1-C™ in tissue lipids, and the further addi- 
tion of insulin appeared to stimulate this process, although, 
because of the marked variation existing from animal to animal, 
the significance of this effect of insulin upon palmitate incor- 
poration into tissue is not apparent from the data shown. 
Paired statistical analyses of 24 experiments (including those in 
Table III) demonstrated that the mean amount of palmitate-1- 
C™ incorporated into lipid in the presence of both insulin and 
glucose was 1.28 times that of the amount incorporated in the 
presence of glucose alone, the standard error of this mean being 
0.08, and the insulin response thus statistically established. 
This small though definite effect of insulin on palmitate metabo- 
lism contrasts with the striking effects of this hormone upon the 
metabolism of glucose. 

An attempt was made to ascertain whether an insulin effect 
might be more readily apparent in the presence of a smaller, 
just effective concentration of glucose, 7.e. 1.25 mm. As shown 
in Table IV the insulin effect observed under these conditions 
was of the same order of magnitude as in the previous study, 
and rather less clearly significant. In these 8 experiments the 
mean recovery of palmitate-1-C" in tissue lipids in the presence 
of both insulin and glucose was 1.25 + 0.12 that recovered in 
the presence of glucose alone. 

Since even small concentrations of glucose had been shown to 
affect markedly the incorporation of palmitate-1-C™ into tissue 
lipids, it was of interest to determine whether other carbohy- 
drates known to be utilized (albeit to a lesser degree) by extra- 
hepatic tissue are likewise effective. In Table V are summa- 
rized six experiments comparing galactose with glucose. The 
incorporation of palmitate-1-C™ into tissue lipid was signifi- 
cantly increased by galactose, although to a smaller degree than 
by glucose. By rough extrapolation, the effect of galactose at 
5 mM appeared to be approximately of the same order as the 
the effect produced by one-tenth as much glucose. Unpub- 
lished experiments comparing the metabolism of glucose and 
galactose labeled with C'* by adipose tissue have shown that, 
indeed, the rate of galactose oxidation and of its incorporation 
into glyceride glycerol, fatty acids, or glycogen is approximately 
one-tenth to one-twentieth that of glucose. 
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In experiments with stearate-1-C™, Shapiro et al. (11) have 
reported that the major fraction of labeled fatty acids incor- 
porated into tissue lipid was recovered in an esterified form, 
unseparable from the triglyceride fraction, since the labeled 
material was not absorbed when passed on a Celite-magnesium 
oxide column. With the use of the modification of the proce- 
dure of Borgstrom described above under methods, aliquots of 
the chloroform-methanol extracts obtained in our experiments 
have been partitioned into an unesterified fatty acid fraction 
and a glyceride fraction. Table VI demonstrates the results 
obtained in four representative experiments and indicates that 
97% or more of the C" incorporated was recovered in the neu- 
tral or glyceride fraction. The glucose-induced increase in 
palmitate-1-C™“ incorporation into total lipid was exclusively 
the result of increased incorporation into the glyceride fraction. 
Furthermore, the demonstration in each instance of a decrease 
in the absolute amount of label recovered in the unesterified 
fatty acid fraction in the presence of glucose, suggests that the 
effect of glucose is not likely to be mediated by the primary 
occurrence of increased concentrations of free fatty acids within 


TABLE IV 
Effect of glucose (1.25 mm) and insulin (0.1 unit per ml) or both 


Fatty acids 0.92 m eq. per liter, values in uw eq. per mg of N. 
Average of 8 experiments with standard errors. Albumin 3 g per 
100 ml. 


mom) 
Gl Insuli 
Control (1.25 mu) | (0.1 unit/ml) — 
(0.1 unit/ml) 
Oxidation to CO,! 0.029 0.019 0.029 0.019 
+ 0.003 + 0.003 + 0.003 + 0.004 
Incorporation 0.289 0.487 0.331 0.558 
into tissue lipid) + 0.034 + 0.074, + 0.051 | + 0.035 
TABLE V 


Comparison of glucose (5 mm) and galactose (6 mm) 
Values in pw eq. per mg tissue N, fatty acids 2.39 m eq. per liter, 
albumin 3.5 g per 100 ml; mean of 6 experiments. 


Control Glucose Galactose 
Oxidation to CO, 0.070 + 0.0070.023 + 0.0050.062 + 0.008 
Incorporation into 0.753 + 0.061 2.680 + 0.4801.198 + 0.114 
tissue lipid 


TaBLE VI 
Partition of labeled lipid into glycerides and fatty acids 


Albumin 3.8 g per 100 ml, fatty acids 0.91 m eq. per liter; Values in w eq. per mg. tissue N. 


l Insulin Gl i i 
Control (0.1 unit/ml) om 
Experiment 
Glyceride FA* Glyceride FA Glyceride FA de Glyceride FA 

A 0.421 0.015 3.6% 0.968 0.002 0.2% 0.554 0.009 2.5% 1.575 0.003 0.2% 

B 0.310 0.004 1.3% 0.780 0.001 0.1% 0.438 0.005 1.2% 0.920 0.001 0.1% 

C 0.342 0.010 2.9% 1.095 0.006 0.5% 0.653 0.009 1.5% 1.340 0.003 0.2% 

D 0.314 0.007 2.2% 0.625 0.002 0.3% 0.265 0.005 2.2% 0.860 0.003 0.3% 
Mean 0.347 0.009 2.5% 0.867 0.004 0.3% 0.478 0.009 1.8% 1.174 0.004 0.2% 


*FA = fatty acids. 
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the tissue, but rather that it may be exerted on the esterification 
process. 


DISCUSSION 


The experiments described in this report corroborate the 
findings of Shapiro et al. (11) indicating that isolated adipose 
tissue, under suitable conditions, is able to incorporate fatty 
acids from the medium into a neutral or glyceride component. 
These experiments also corroborate the report of Milstein and 
Driscoll (17) that adipose tissue is capable of oxidizing exog- 
enous fatty acids. In addition, they demonstrate a ,unique 
sensitivity of this tissue to small concentrations of glucose, 
either with regard to increasing the incorporation of palmitate 
into lipids or to decreasing the oxidation of palmitate-1-C™. In 
the absence of glucose, insulin does not alter either palmitate 
oxidation or incorporation into tissue lipid; however, in the 
presence of glucose, insulin increases palmitate incorporation 
to a small but significant degree. The quantitatively small 
stimulation obtained with insulin is surprising when contrasted 
with the marked effects exerted by the hormone on glucose 
metabolism. 

Recent experiments from this laboratory have demonstrated 
that adipose tissue glycerides undergo continuous cleavage and 
resynthesis. Cleavage results in the formation of free glycerol 
(18) as well as unesterified fatty acids. Since the tissue is not 
able to phosphorylate glycerol to any significant extent, glycerol 
phosphate required for glyceride resynthesis is primarily made 
available from glucose through dihydroxyacetone phosphate. 
It is tempting to speculate that in the absence of glucose and in 
the presence of unesterified fatty acids, esterification (and thus 
incorporation of the fatty acids into tissue lipid) is limited by 
the capacity of the tissue to produce glycerol phosphate. Since 
adipose tissue obtained under the conditions used in these ex- 
periments is almost totally devoid of glycogen, the marked stimu- 
lation of fatty acid esterification elicited by even small concen- 
trations of glucose could thus easily be understood. 


SUMMARY 
Albumin-bound palmitate-1-C"™ is readily utilized by adipose 
tissue incubated in vitro. Its incorporation into tissue lipid 
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and its oxidation to CO: is linearly proportional to its concen- 
tration in the medium. Small concentrations of glucose increase 
the incorporation and depress oxidation. Insulin in the presence 
of glucose in the medium, slightly but significantly increases the 
incorporation and markedly depresses oxidation. The major 
portion of fatty acid incorporated is recovered in the neutral or 
glyceride fraction. 
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As reported in a preliminary note (1), the conversion of a 
saturated long-chain fatty acid in yeast to its monounsaturated 
analogue requires molecular oxygen, reduced triphosphopyridine 
nucleotide, and two enzyme fractions, one soluble and the other 
bound to particles. We have now found that activation of the 
fatty acid to the acyl-CoA derivative is the first step in this 
process and that the activated molecule is subsequently desatu- 
rated at the 9-10 position in the presence of a particulate enzyme, 
molecular oxygen, and TPNH. 


EXPERIMENTAL 


Materials and Methods—Saccharomyces cerevisiae strain 
LK2G12 was used throughout this study except for the experi- 
ments in which biotin effects were studied. In the latter exper- 
iments Saccharomyces cerevisiae var. ellipsoideus (American Type 
Culture Collection No. 9896), a biotin-requiring strain, was used. 
Stock cultures were maintained on slants containing 2% peptone 
(Difco), 2% glucose, 1% yeast extract (Difco), and 1.5% agar. 
After inoculation the slants were incubated for 24 to 48 hours 
at 30° and then stored at 0° for periods of up to 3 months. To 
prepare yeast in quantity for enzyme studies, the growth from 
one slant was used to inoculate 100 ml of liquid medium which 
contained 2% peptone, 2% glucose, and 1% yeast extract. After 
a growth period of 16 to 24 hours at 30°, this culture was used 
in turn as inoculant for the contents of a 2-liter Erlenmeyer flask 
filled to the neck with the same liquid medium. One drop of 
Dow-Corning Antifoam B was added and the culture incubated 
at 30° without shaking. Under these conditions the cells settle 
to the bottom and growth conditions are essentially anaerobic 
(2). After 18 to 30 hours the cells were chilled, harvested by 
centrifugation, and washed twice with cold distilled water. Two 
liters of medium yielded 5 to 10 g (wet weight) of packed cells. 
At this stage the yeast paste can be stored in the frozen state 
for at least 1 month without loss of activity. 

The yeast paste, in 2- to 10-g lots, was crushed in a Hughes’ 
Press which had been precooled to —10°. The frozen prepara- 
tion was thawed and extracted with 3 volumes of 0.13 m potas- 
sium phosphate buffer, pH 7.2. Cellular debris was removed 
by centrifugation for 15 minutes at 2,000 x g. From the super- 
natant fluid (crude extract) the particulate fraction was obtained 
by centrifugation for 30 minutes at 104,000 x g. The super- 
natant fluid from this high speed centrifugation still contained 
a small amount of particle-bound enzyme activity which could be 
sedimented by a second centrifugation (120 minutes) at 104,000 
xX g. The supernatant fluid from this second centrifugation 
contains the soluble enzyme referred to in Table V. This was 
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prepared by treating the supernatant with ammonium sulfate 
and isolating, by standard methods, the fraction precipitating 
between 40 and 65% saturation. The precipitate was dissolved 
in 0.01 m potassium phosphate buffer, pH 7.2, and dialyzed for 
18 hours against 0.001 m potassium phosphate buffer, pH 7.2, 
and 0.001 m Versene (ethylenediaminetetraacetate), pH 7.2. 

The particulate fraction was suspended in 12 ml of 0.13 m 
phosphate buffer, pH 7.2, and fresh saliva (10% by volume) was 
added to digest glycogen. The mixture was incubated for 10 
minutes at 30°, chilled in ice, and centrifuged at 104,000 x g - 
for 30 minutes. The resultant pellet was then suspended in 
phosphate buffer, pH 7.2, to a concentration of 1 mg of particle 
protein per ml. This single washing treatment reduced the 
protein content of the particulate fraction by 40% and removed 
adhering substrate for glucose 6-phosphate dehydrogenase. For 
protein determinations by the biuret method (3), 2 mg or less of 
particles were homogenized in 2% deoxycholate solution. Ac- 
tivity associated with these particles could not be fractionated 
further by the differential centrifugation technique described by 
Klein (4). In the experiments designed to study pyridine nu- 


cleotide specificity, an effort was made to remove endogenous 


pyridine nucleotides by suspending the particles (5 to 10 mg of 
protein) in distilled water instead of buffer and passing them 
through 1 g of Dowex 1-chloride in a 6- X 10-mm column. This 
procedure reduced the protein content of the particle suspension 
by 20% and the desaturating activity by approximately 50%. 

TPNH, TPN, DPNH, DPN, glucose 6-phosphate, and ATP 
were purchased from the Sigma Chemical Company. Coenzyme 
A was purchased from Pabst Laboratories. Oleic acid and 
ethyl oleate of high purity were gifts from the Procter and Gam- 
ble Company. Methyl palmitoleate was a gift of Dr. H. Man- 
gold of the Hormel Institute; methyl palmitate was purchased 
from the Hormel Institute. Phenazine methosulfate was kindly 
given by Dr. P. Talalay. 

Sodium acetate-1-C* was synthesized in this laboratory from 
BaC¥O;. Palmitic acid-1-C™, purchased from New England 
Nuclear Corporation, was purified before use by reverse-phase 
paper chromatography on siliconized paper (5). The central 
portion of the radioactive peak, corresponding to palmitic acid, 
was cut out and eluted with a solvent mixture containing equal 
parts of ether, dichloromethane, and methanol. The solvents 
were evaporated to near dryness, and 10 ml of 10% KOH and 
50 ml of methanol were added. After heating to 100° for 30 
minutes, silicones were removed by three extractions with 
petroleum ether, and after acidification the palmitic acid was 
recovered by extraction with petroleum ether. This procedure 
removed at least one radioactive contaminant which constituted 
approximately 3% of the total radioactivity of the purchased 
sample. 

Palmityl-1-C'-CoA was prepared enzymatically by a mod- 
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ification of the method of Kornberg and Pricer (6). Palmitic 
acid-1-C™, 15.2 uwmoles, specific activity 1.7, wc per umole, sus- 
pended by heating in 4 ml of a 1% Triton WR 1339 solution 
(Rohm and Haas, Philadelphia, Pennsylvania) was added to an 
aqueous mixture containing 180 mg of lyophilized guinea pig 
microsomes (6) and (in wmoles) ATP 300, CoA 11.5, GSH 400, 
KF 1000, MgCl, 300, potassium phosphate buffer pH 7.4, 2000, 
and the mixture was brought to a final volume of 40 ml. After 
incubation for 40 minutes at 40°, 90 uwmoles of nonradioactive 
sodium palmitate, suspended in 5 ml of 1% Triton, and 200 
umoles of ATP were added and incubation was continued for 
another 20 minutes. The mixture was chilled in ice, acidified 
with 1% cold perchloric acid to the turning point of thymol blue, 
and centrifuged at 10,000 x g for 5 minutes.. The sediment was 
washed and extracted as described (6), except that after extrac- 
tion with cold 80% ethanol, 3 extractions with 6 ml of cold 
ethanol-ether (1:1) (7) were carried out in order to complete the 
removal of free palmitic acid before extraction of the acyl-CoA 
thioesters. The same procedure was used to isolate the acyl-CoA 
thioesters when palmitoleyl-CoA was identified as the product of 
enzymatic desaturation. The recovered palmityl-1-C'*-CoA had 
a specific activity of 0.46 uc per umole. Based on the quantity 
of CoA added, the yield was 87% as determined by the nitro- 
prusside method (8). 

The potassium salts of palmitoleic, palmitic, and oleic acids 
used in the inhibition studies (Fig. 3) were prepared by neutrali- 
zation (pH 7.3) of weighed samples of the acids dissolved in 50% 
methanol. 

Aerobic incubations were carried out in open Pyrex test tubes 
(20 x 140 mm) at 30° with constant shaking. Larger volumes 
were incubated in 25- to 50-ml Erlenmeyer flasks. For anaerobic 
experiments, Thunberg tubes were alternately evacuated and 
flushed with prepurified nitrogen. Alkaline pyrogallol was 
placed in a removable center well. To eliminate last traces of 
oxygen, 10 mg of glucose and 500 ug of DeeO (a glucose oxidase- 
catalase system, Takamine Laboratories, Clifton, New York) 
were added directly to the incubation mixtures. In the concen- 
trations described these enzymes did not inhibit enzymatic de- 
saturation. Incubations were stopped by the addition of 5 
volumes of methanol and of a few pellets (about 300 mg) of solid 
KOH. Thunberg tubes were chilled in ice before being opened. 

The long-chain fatty acids and nonsaponifiable lipids from the 


TABLE 


Yields of enzymatically formed palmitoleic 
acid as determined by two methods 


Method of oxidation periodate (11) 
c.p.m. C.p.m. 

Aliquot of fatty acid* analyzed....... 230 ,000 40 ,000 
Recovered as: 

C"*-azelaic acid..................... 129 ,000 

Unsaturated acids.................. 10,200 

Total recovered, % of aliquot......... 91 45 


* The conditions for the enzymatic experiments are described 
in Table VII. 
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experiments with C'-acetate were isolated by conventional 
methods. The nonsaponifiable lipids, when isolated, were sep- 
arated into squalene and sterol fractions by chromatography on 
deactivated alumina (9). When palmitic acid-1-C™ or pal- 
mityl-1-C'-CoA was used as substrate, no radioactive nonsapon- 
ifiable products could be recovered. Therefore the isolation 
procedure was simplified as follows. After the addition of meth- 
anol and alkali to the incubation mixtures, the open flasks were 
heated on a steam bath until the volume of liquid was reduced 
to about 1 ml. After chilling in ice, concentrated hydrochloric 
acid was added dropwise to the tubes until thymol blue in- 
dicator turned red. The lipids were extracted directly from 
the test tubes by three portions of petroleum ether. Anhydrous 
sodium sulfate was added and the petroleum ether decanted into 
a 50-ml round bottom flask through a funnel fitted with a cotton 
plug and covered by sodium sulfate. 7 

Saturated and unsaturated fatty acids were separated accord- 
ing to Bergstrom and Paabo (10). In this method A®*-unsaturated 
fatty acids are oxidized by performic acid to their corresponding 
9, 10-dihydroxy acid derivatives while the saturated acids remain 
unchanged. The two fractions are separated by chromatography 
on silicic acid columns. In the present work, samples weighing 
between 0.5 and 1.5 mg were chromatographed on 6- < 20-mm 
columns containing 0.3 g of silicic acid. 

For chromatography Mallinckrodt silicic acid (100 mesh) was 
mixed with 1 nN HCl for 30 minutes and then washed free of 
chloride with deionized water. After successive washings with 
methanol and acetone, the cake was dried in air for 24 hours and 
then in an oven at 100°. Silicic acid powder of 100 to 300 mesh 
was used and stored at 100°. 

Experimental samples eluted from the columns were evapo- 
rated to near dryness, plated, and counted in a gas flow counter. 

In the paper by Bergstrom and Paabo (10) describing the 
separation of saturated and unsaturated fatty acids, quantitative 
data on the recovery of products are not given. In our hands 
the method entailed losses ranging from 30 to 60% of radioactive 
fatty acid during removal of performic acid ina vacuum. These 
losses were independent of sample size up to 2 mg of carrier and, 
under our assay conditions, were equally distributed between 
the saturated acids and the oxidation products of the unsaturated 
acids. The method was therefore considered satisfactory for 
the present purposes. Moreover the results compared favorably 
with those obtained both by paper chromatography and by 
quantitative degradation of the unsaturated acids to azelaic acid 
by oxidation with permanganate-periodate (Table I). 

Enzymatic activity is expressed as percentage of desaturation, 
which is calculated from the fraction of total radioactivity that 
is present in oxidized form, 1.e. the material eluted from the silicic 
acid columns by 10 ml of 1% methanol in dichloromethane. 
When control samples of chromatographically pure palmitic 
acid-1-C'* were analyzed, at most 5% of the recovered radio- 
activity appeared as “unsaturated” material. When the 
same palmitic acid, mixed with nonisotopic oleic acid or ethyl 
oleate as carrier, was oxidized by the permanganate-periodate 
method (11), no radioactivity was found in azelaic acid. 

The position of the double bond was shown to be at 9-10 in 
the following manner. To the C™ fatty acids extracted from 


an enzymatic reaction (about 1 mg), about 50 mg of pure oleic 
acid or ethyl oleate were added as carrier and the specific activ- 
ity of the mixture was determined. The mixture was then oxi- 
dized by the permanganate-periodate method (11). 


After bi- 
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sulfite reduction and the addition of alkali, the solution was 
concentrated to a volume of 20 ml, chilled in ice, and acidified 
with 20 ml of 10% sulfuric acid. While cold the mixture was 
extracted five times with 2 volumes of ether. The combined 
ether extracts were reduced in volume to about 100 ml, washed 
once with cold saturated sodium chloride, and dried over sodium 
sulfate. The filtered ether solution was brought to near dryness, 
1.0 ml of water was added to dissolve azelaic acid, and the mix- 
ture was extracted repeatedly with petroleum ether to remove 
unreacted C'4-palmitic acid. On chilling of the aqueous phase, 
azelaic acid readily crystallized. It was characterized by melt- 
ing point (104-104.5°), mixed melting point (104-104.5°), and 
ascending paper chromatography (n-propanol-ammonia, 70:30; 
Rr 0.36) (12). The azelaic acid was radioactive and retained its 
activity on repeated crystallizations and paper chromatography. 
The extent of desaturation of palmitic acid is calculated from 
the specific activities of the isolated azelaic acid and of the start- 
ing material subjected to oxidation (Table VII). 

Palmitoleic acid-1-C™ was further identified as the product of 
the enzymatic reaction by reverse-phase paper chromatography 
on siliconized paper with the solvent system acetic acid-methanol- 
water 75:15:10 (5). Internal standards of palmitic and pal- 
mitoleic acids were used on all chromatograms. When chro- 
matographed by the ascending technique for 30 hours at 0°, the 
palmitic and palmitoleic acids gave Rr values of 0.41 and 0.51, 
respectively. The palmitic acid was visualized by a spray of 
methyl red in borate buffer at pH 8 (13), and palmitoleic acid 
by staining with iodine vapor (14). When the paper strips were 
counted on a gas-flow actigraph (Nuclear-Chicago), radioactivity 
was found to be associated with the palmitoleic acid spot. 

In order to test for a,8-unsaturated products, samples oxi- 
dized by the permanganate-periodate technique, as described 
above, were acidified with 10 ml of 20% sulfuric acid and any 
evolved CO2 was swept into 0.1 nN NaOH by a stream of nitrogen. 
The carbon dioxide was platéd as barium carbonate and counted 
in a gas flow counter. 

The oxidation of TPNH associated with the desaturation proc- 
ess was followed in the Beckman DU spectrophotometer by the 
decrease in absorbancy at 340 my at room temperature after the 
addition of palmityl-CoA to the enzyme mixture. 


RESULTS 


Fatty Acid Synthesis by Resting Whole Yeast Cells 


As shown by the investigations of Andreasen and Stier (15), 
an unsaturated fatty acid (oleic, linoleic, or linolenic acid) is re- 
quired for the growth of yeast under strictly anaerobic conditions, 
implying that the biosynthesis of olefinic acids is an aerobic 
process. To explore the implications of these observations, 
we first studied the effect of anaerobiosis on fatty acid syn- 
thesis from 1-C'*-acetate by resting yeast cells. From the 
results shown in Table II, it can be seen that anaerobic con- 
ditions drastically reduce fatty acid synthesis; what little fatty 
acids are synthesized in the absence of oxygen are largely satu- 
rated. However, there is a striking increase in the anaerobic 
fatty acid synthesis from acetate when the glucose concentration 
in the incubation medium is raised to levels as high as 25% (Fig. 
1). The fatty acids synthesized under these conditions are again 
almost completely saturated (Table III). When 15% glycerol 
is substituted for glucose, no fatty acid synthesis occurs ana- 
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erobically. Increasing the glucose concentration also stimulates 
acetate incorporation into squalene, but to a lesser degree (Fig. 
1). As expected, sterol biosynthesis remains minimal under 
anaerobic conditions since molecular oxygen is required for 
squalene cyclization (16). 

In further experiments under resting conditions, the cells were 
first incubated anaerobically with glucose and acetate-1-C™, freed 
of labeled substrate by washing, and then aliquots were reincu- 
bated either aerobically or anaerobically without further addition 
of substrate. The results in Table III again demonstrate the 
need for oxygen in the synthesis of unsaturated fatty acids. 
They further indicate that the saturated analogue is the precursor 
of the olefinic acid and that it is the introduction of the double 
bond which is oxygen-dependent. 


Effect of Brotin 


Several investigations have shown that oleic acid is capable of 
replacing biotin as a growth factor for Lactobacillus casei (17-19). 
However, Cheng e¢ al. (20) have pointed out that many positional 
isomers of oleic acid perform this function equally well and that 
biotin is probably not involved in oleic acid synthesis specifically. 
To clarify this point, biotin-deficient yeast (S. cerevisiae var. 
ellipsoideus, American Type Culture Collection No. 9896) was 
grown anaerobically for 67 hours in a medium (21) containing 
0.05 ug of biotin per liter, approximately 5% of the amount 


TABLE II 


Effect of gas phase on incorporation of acetate-1-C'* into saturated 
and unsaturated fatty acids of resting yeast cells 
Each sample contained 0.8 g (wet weight) of washed cells, 0.2 
mmole of glucose, 0.4 mmole of KH2PQ,, 2.45 K 105 c.p.m. ace- 
tate-1-C'4 in a total volume of 5.0 ml. Samples were incubated 
for 4 hours at 31°. 


Total 
c.p.m. c.p.m. % 
ee 38,400 | 21,200 55 
990 60 6 
720 36 5 
4 
a 
a 
a 
Fatty 
'O acids 
x 
a | 
oO 


14 
’ 


C 


5 10 G 20 ae: 
PERCENT GLUCOSE IN MEDIUM 


Fig. 1. Effect of glucose concentration on fatty acid synthesis 
from acetate by resting yeast under anaerobic conditions. Ex- 
perimental flasks contained 0.5 g (wet weight) of washed cells, 300 
umoles of potassium phosphate buffer, pH 6.0, acetate-1-C"*, 6.4 x 
10‘ c.p.m., and glucose as indicated in a total volume of 3 ml. 
Samples were incubated for 22 hours at 30° in an atmosphere of 
nitrogen. 
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TaB_LeE III 
Effect of gas phase on the biosynthesis of fatty acids 
in resting yeast cells 
Samples contained 0.4 g (wet weight) of washed cells, 3.3 
mmoles of glucose (20 % weight per vol.), 0.3 mmole of potassium 
phosphate pH 6.0 and acetate-1-C'4, 6.0 X 10° c.p.m., in a total 
volume of 3.0 ml. Incubations at 30°. 


3 ree l ted 
Conditions fatty acids | fatty acids 
c.p.m. X 10-8 % 
1 Anaerobic, 9 hrs. 104 5 
2 Anaerobic, 9 hrs., cells washed 105 2 


free of C'4-acetate, reincu- 
bated in N, for 4 hrs. 
3 Anaerobic, 9 hrs., cells washed 92 40 
free of C'*-acetate, reincu- 
bated in air for 4 hrs. 
4 | Aerobic, 9 hrs. 436 60 


TaBLe IV 
Effect of biotin on synthesis of lipids in resting yeast 
Each sample contained 0.2 g (wet weight) of washed cells, 0.33 
mmole of glucose, 0.15 mmole of KH2PO,, and acetate-1-C'4 1.3 X 
10°, in a total volume of 3.1 ml. Incubations in air at 30° for 4 


hours. 
Fatty acids 
Experi- 
otal | rated | 
C.p.m. % c.p.m. 
Biotin-deficient yeast, no biotin 1 5,400 | 75 | 15,800 
added 2 9,600 | 76 | 13,200 
Biotin-deficient yeast, +1 yg 1 24,900 | 61 2,700 
biotin/3.1 ml 2 26,200 | 67 3,300 
Normal yeast, no biotin added 1 35,900 | 53 6,050 
2 28,700 | 52 8,000 
TABLE V 


Cofactor requirements for conversion of palmitic to 
palmitoleic acid by yeast 


To dialyzed soluble enzyme (10 mg of protein) and particles 
(200 wg of protein) were added 2.3 mumoles of palmitic acid-1-C"* 
(4000 c.p.m. in 0.01 ml of ethanol) and (in ymoles) CoA 0.1, ATP 
10, GSH 5, TPN or DPN 1.3, glucose 6-phosphate 3.8, MgCl, 5, 
NaCN 1, and potassium phosphate buffer pH 7.25, 100, in a final 
volume of 1.0 ml. Incubation for 15 minutes at 30°. 


Preparation Desaturation 


Control (boiled enzyme).................... 


| 
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necessary to support full growth. The long period of culture 
was necessary to provide a sufficient quantity of cells. The 
harvested cells were incubated aerobically under resting condi- 
tions with acetate-1-C", both with and without biotin supple- 
ment, and the results were compared with acetate incorporation 
by the same yeast grown on a complete medium. From Table 
IV it can be seen that biotin has no effect on the degree of de- 
saturation but is strikingly involved in the pathway of lipid 
synthesis from acetate. In the absence of biotin, fatty acid 
synthesis is depressed while sterol synthesis is enhanced. The 
addition of a small amount of biotin to the medium completely 
reverses the relative rates of these processes. In view of these 
results, it seems unlikely that biotin plays a role in sterol syn- 
thesis from acetate. The sterol synthesized by the biotin-de- 
ficient yeast was shown to be ergosterol by its ultraviolet spec- 
trum, (Amax 260, 271, 281.5, and 293.5 my). 


Experiments with Cell-free Extracts 


In preliminary studies (1) palmitic acid-1-C™ was shown to be 
desaturated to palmitoleic acid-1-C™ in the presence of soluble 
and particulate enzyme fractions derived from Hughes’ Press 
extracts of yeast. Further experiments revealed that, contrary 
to our previous findings, desaturation requires CoA and ATP 
as well as pyridine nucleotides, Mg++, and molecular oxygen 
(Table V). Palmityl-CoA was then prepared and when used as 
the substrate was found to obviate the need for CoA and ATP 
as cofactors; the requirements for pyridine nucleotide and also 
for magnesium remained. Since it had proved convenient to 
generate TPNH from TPN with the aid of the glucose 6-phos- 
phate dehydrogenase present in the soluble portion of the enzyme 
system, it seemed possible that magnesium was not needed for 
desaturation per se but was dually involved in the palmity] thio- 
kinase (6) and TPNH-generating reactions. With palmityl-CoA 
as the substrate and TPNH added to a particle suspension, the 
soluble enzyme fraction and Mgt+ became dispensable. With 
palmityl-CoA as the substrate and the particle fraction as sole 
enzyme source, it can also be demonstrated that the required 
pyridine nucleotide must be present in the reduced form (Table 
VI). To distinguish between the activities of TPNH and 
DPNH, the particles were suspended in distilled water, filtered 
through a Dowex 1-Cl column, and used in limiting quantities. 
As shown in Fig. 2, TPNH is consistently superior to DPNH, 
but the effect is not very great. At particle concentrations of 
200 ug of protein per ml and higher, the difference in activity 
between the two nucleotides disappears. 

Desaturation activity with palmityl-CoA as the substrate was 
essentially constant over a broad pH range from 6.7 to 8.1. 

For further characterization of the products of enzymatic de- 
saturation, the CoA thioesters and the free fatty acids were, in 
one experiment, isolated separately and then degraded to azelaic 
acid. The proportion of unsaturated acids was the same in both 
fractions as judged from the radioactivity of azelaic acid (Table 
VII). Palmitoleyl-CoA is therefore a product of the enzymatic 
reaction, but a considerable part of the thioester is apparently 
cleaved to free palmitoleic acid during incubation. 

No evidence for the presence of a,f#-unsaturated reaction 
products was obtained. Any a,@-unsaturated acid formed en- 
zymatically from 1-C'*-palmitate would be oxidized to C'*-oxalic 
acid and thence to C“O, when treated with the periodate-per- 
manganate reagent. The carbon dioxide collected during this 
chemical oxidation accounted for less than 0.04% of the radio- 
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activity in the substrate. The yield of such CO, from pal- 
mityl-CoA was not enhanced when the enzyme system for de- 
saturation was further fortified by addition of CoA (10-4 m), 
ATP (10-? m), DPN (10-* m), Mgt+ (5 x 107% Mo), and of oxalo- 
acetate (10-? Mm) as a “sparking” agent (22). 


Requirement for Molecular Oxygen 


Under the conditions described the requirement for molecular 
oxygen appears to be absolute. Desaturation does not occur 
when oxygen is replaced by artificial electron acceptors such as 
methylene blue, ferricyanide, or phenazine methosulfate (Table 
VIII). 


Effect of Fatty Acids on Desaturation 


An inhibitory effect of potassium palmitoleate on desaturation 
is shown in Fig. 3. Oleate and palmitate, on the other hand, 
were without effect at the concentrations tested. 

In tracer amounts, stearic acid is as readily desaturated as 
palmitic acid (Table IX). In the Cis acid as in the Cig acid, the 
double bond is introduced at the 9-10 positions as shown by the 
radioactivity of the azelaic acid obtained on chemical degrada- 
tion. So far the relative desaturation rates of palmitic and 
stearic acids by the yeast system have not been studied in detail. 


Spectrophotometric Studies 


In the simplified system containing only the yeast particles as 
an enzyme source, desaturation of palmityl-CoA could be fol- 
lowed by observing the oxidation of TPNH spectrophotometri- 
cally. During the first 1 to 2 minutes after the addition of sub- 
strate, the oxidation of TPNH is rapid (Fig. 4), but thereafter 
the rate declines. The initial slope of the curve corresponds to 
a maximum utilization of 0.53 mymole of TPNH per minute per 
100 ug of particle protein. This rate is in the same range as the 
values obtained by the isotopic methods. For example, from a 
typical experiment it was calculated that 100 ug of particle pro- 
tein desaturated 10.5 mumoles of palmityl-1-C%-CoA in a 10- 
minute period. No attempts have so far been made to determine 
desaturation rates by the two methods under strictly comparable 
conditions. It will be noted that in the system studied the 
desaturation of palmityl-CoA is never complete, presumably 
because other reactions such as the deacylation of the CoA ester 
compete for the substrate. 


DISCUSSION 


The present experiments confirm our earlier finding that the 
formation of unsaturated fatty acids in yeast and specifically the 
conversion of palmitic to palmitoleic acid is an oxidative process 
and not of dehydrogenation. The oxygen dependence of these 
reactions readily explains why an unsaturated fatty acid (oleic, 
linoleic, or linolenic acid) is necessary for the growth of yeast 
under anaerobic conditions as Andreasen and Stier have shown 
(15). Anaerobiosis has the additional effect of sharply reducing 
the synthesis de novo of fatty acids from acetate in resting yeast 
cells (23). Although both saturated and unsaturated fatty acids 
are affected, it is now clear that only the reactions specifically 
concerned with olefin formation are strictly oxygen dependent 
The slow anaerobic rate of fatty acid syn- 
thesis from acetate can be greatly accelerated by raising the 
concentration of glucose in the medium from 1 to 20 or 25% but 
only the formation of saturated acids is stimulated; the concen- 
tration of unsaturated acids remains essentially zero. It will be 
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TABLE VI 


Cofactor requirements for conversion of palmityl-CoA to 
palmitoleic acid by yeast particles 


Complete system: samples contained yeast particles (100 ug of 
protein) 8 mumoles of palmityl-CoA (3800 c.p.m.) and (in umoles) 
TPNH or other nucleotides, 0.13, and potassium phosphate buffer 
pH 7.25, 100, in a total volume of 1 ml. Incubations for 10 min- 


utes at 30°. 
Desaturation 
% 
Complete system............................ 50 
30 
TPNH 
a 
DPNH 
<q 
” 
WwW 
(an) 
am 
oO 10F 
ac 
WwW 
Qa 
0 20 40 60 80 


PARTICLES, ug OF PROTEIN PER ML. 


Fic. 2. Comparison of TPNH and DPNH in the conversion of 
palmityl-CoA to palmitoleic acid by yeast particles. Particles 
filtered through Dowex-1-Cl (see text) were added to flasks con- 
taining (in ymoles) TPNH or DPNH 0.1, NaCN 1.0, potassium 
phosphate buffer pH 7.2, 100, and palmityl-1-C'*-CoA 0.008, in a 
final volume of 1 ml. Samples were incubated for 10 minutes at 
30° in air. 


of interest to ascertain whether this striking effect of glucose is 
osmotic or whether it reflects an increase in the supply of energy 
for synthetic reactions. It is clear at any rate that for the for- 
mation of the long fatty acid chains from acetate oxygen is not 
needed. In view of the absolute oxygen requirement for de- 
saturation, which persists in the isolated enzyme system, it ap- 
pears highly probable that the oxidative pathway is the prin- 
cipal one for the formation of monounsaturated fatty acids, at 
least in yeast. We have found no evidence for an anaerobic 
reaction of the “fatty acid dehydrogenase”’ type described in the 
earlier literature (24-26) and reported to require hypoxanthine 
and adenylic acid as cofactors (25, 27-29). Recently Bernhard 
et al. (30) have shown a conversion of radioactive stearic to oleic 
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TaBLe VII 80 
Characterization of desaturation products 
Enzyme* | (boiled 
enzyme) 
c.p.m. C.p.m. 

Palmityl-CoA added 460,000 460,000 & 
to enzyme O OLEATE 

Free fatty acids recov- 380,000 | 42,000 PALMITATE 
ered 

Acyl-CoA derivatives 55,000 |350,000 Ly PALMITOLEATE 
recovered a 

c.p.m./ | c.p.m./ 
umole umole = 30r 
Specific activity of | a. Products + carrier 795 > 
free fatty acids ethyl oleate be- 
fore oxidation a 
b. Azelaic acidt 492 
Free fatty acids, % 62 
desaturation 
c.p.m./ c.p.m./ 
mmole mmole ; 

Specific activity of | a. Products + carrier) 5,580 | 47,000 0 0.5 1.0 1.5 
acyl-CoA fatty ethyl oleate be- 
acidst fore oxidation SOAP CONCENTRATION, uw MOLES PER ML. 

b. Azelaic acidt 3,420 0 Fia. 3. Effect of fatty acid soaps on the desaturation of pal- 
Acyl -CoA fatty 61 0 mityl-CoA. Experimental conditions as described in Table VIII. 
acids, ©; desatu- 
ration TaBLeE IX 


* For incubation, yeast particles (20 mg of protein) were added 
to a solution containing, in wmoles, palmityl-1-C'4*-CoA 1, TPNH 
2, DPNH 4, NaCN 10, potassium phosphate buffer pH 7.2, 100, 
in a total volume of 10 ml. The mixture was incubated at 30° 
for 20 minutes. 

+ Obtained by permanganate-periodate oxidation (11). 

t The acyl-CoA fatty acids were extracted as described under 
‘‘Methods’’ and chromatographed on paper (6). The acyl-CoA 
derivatives were eluted and saponified, and the free fatty acids 
were oxidized (11). 


TaB_e VIII 
Oxygen requirement for fatty acid desaturation 
Flasks contained yeast particles (100 ug of protein), 8 mumoles 
of palmityl-1-C'4-CoA and (in wmoles) TPNH 0.13, NaCN 1.0, 
potassium phosphate buffer, pH 7.25, 100, in a total volume of 1.0 
ml, and were incubated for 10 minutes at 30°. 


DeeO,* 
Electron acceptor | Gas phase 

10 mg 
% 
air 4. 60 
Ferricyanide, 0.08 umole per ml......) Ne 5 

Phenazine methosulfate 0.08 umole per 

we Ne + 7 
Methylene blue, 0.08 umole per ml..... 5 
None, boiled enzyme control......... air + 4 


* Glucose oxidase-catalase mixture. 


Desaturation of stearate-1-C'4 and palmitate-1-C' 
by yeast enzyme system 
To 2.0 ml of enzyme (crude extract) were added 2 uwmoles of 
NaCN and either palmitic acid-1-C'* (9,000 c.p.m.) or stearic acid- 
1-C'* (375,000 c.p.m.) as noted above. Incubations for 30 min- 
utes in air at 30°. 


fatty acid| Unsat- Azelaic 
incubation (11) 
c.p.m. c.p.m. % 
Palmitate Crude extract 4,100 | 2,060; 50 
Palmitate Crude extract, | 3,600 120 3 
boiled 
Stearate Crude extract 313,000 157,000 | 38 (138,000 
Stearate Crude’ extract, 292,000 | 14,500 5 0 
boiled 


* Analyzed by the performic acid method (10). 


acid in a microsomal system of rat liver. These investigators 
observed requirements for ATP and also noted that whereas the 
addition of stearic acid to an anaerobic system caused decolori- 
zation of methylene blue, no oleic acid was formed. These find- 
ings are consistent with our observations on the nature of the 
desaturation process. 

It should be emphasized that the gas phase prevailing during 
growth of the cells profoundly affects the enzymatic activity of 
the subsequently prepared cell-free extracts. Optimal activity 
for desaturation occurs only in extracts from anaerobically grown 
cells. If such anaerobic cells! are subsequently aerated for pe- 


1D. K. Bloomfield and K. Bloch, unpublished experiments. 
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riods of 1 to 2 hours, the desaturating activity is not impaired. 
However, if the cells are grown under aerobic conditions from 
the start, desaturating activity in the extracts is usually reduced 
to about one-fifth of that shown by extracts of anaerobic cells. 
It is conceivable that aerobic cells are relatively inactive as an 
enzyme source because they already contain a large complement 
of unsaturated acids. 

The joint requirement for a reduced pyridine nucleotide and 
for molecular oxygen is characteristic of a wide variety of hy- 
droxylation reactions of the general type R-H — R-OH (31). 
It was first postulated by Talalay (32) that certain desaturations 
might take place in two steps, a hydroxylation by molecular 
oxygen, followed by dehydration of the hydroxy derivative to 
the olefin. Our work strongly suggests that this type of mech- 
anism is indeed operative in fatty acid desaturation, although 
hydroxylated intermediates have not yet been demonstrated. 

The only known reactions for introducing carbon-carbon 
double bonds, apart from dehydrations of hydroxy compounds, 
appear to be direct dehydrogenations involving structures with 
adjacent carbonyl] functions and flavoproteins as electron accep- 
tors. This is true for fatty acyl a,6-dehydrogenase (33), succinic 
dehydrogenase (34), dihydroorotic dehydrogenase (35), and cer- 


- tain steroid dehydrogenases (36). In these flavoprotein systems 


electrons are eventually transferred to oxygen by way of the 
cytochrome oxidase system, and in all these cases artificial elec- 
tron acceptors are effective. The fatty acid desaturating system 
has none of these properties. Moreover, the observation that 
cyanide does not inhibit but slightly stimulates this reaction 
indicates that the cytochrome oxidase system is not involved. 
In line with this conclusion is the further observation that a 
“petite” strain of yeast (grown in this laboratory by Dr. R. Mas- 
ters) synthesizes unsaturated fatty acids from C"*-acetate in 
normal amounts. Since the “petite’’ strain is unable to use 
lactate as a carbon source, it is presumably lacking a succinoxi- 
dase system. 

The double bond introduced into palmitic acid seems to be 
unequivocally located in the 9-10 position. After oxidation of 
the enzymatic product by the permanganate-periodate method 
(11), the radioactivity is quantitatively accounted for by the 
sum of petroleum ether soluble material, 1.e. unchanged palmitic 
acid and the petroleum ether insoluble material identified as 
azelaic acid. For this reason and also because no CQ; is formed 
from radioactive palmitic acid, a,6-unsaturation cannot be of 
any significance in the system described. To our knowledge, 
B-oxidation of higher fatty acids has never been demonstrated 
in yeast. 

That palmitic acid undergoes desaturation only in the form of 
the CoA thioester is in line with the general experience which 
has shown that carboxy] activation is always a prerequisite for 
the biological transformations of a fatty acid. The present case 
is, however, unique in that the activating thioester grouping is 
separated from the reaction site by 8 or 9 carbons. 

Palmitoleyl-CoA has been identified in the reaction mixture; 
the intermediary reactions therefore are shown to occur with the 
thioester derivative of the fatty acid. The fact that only a frac- 
tion of the unsaturated reaction product can be recovered in the 
form of the CoA derivative indicates that deacylases may liber- 
ate the free fatty acid during incubation. In view of the findings 
discussed, the sequence of reactions may be formulated as follows: 
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Fig. 4. Utilization of TPNH in the conversion of palmityl-CoA 
to palmitoleic acid. To cuvettes containing particles (400 ug of 


protein) and (in ymoles) TPNH 0.05, NaCN 1.0, and phosphate 


buffer pH 7.25, 100, in a volume of 0.8 ml, were added 16 mumoles 
of palmityl-1-C'*-CoA in 0.2 ml of water or, in the controls, 0.2 ml 
of water alone. A sample removed after 5 minutes of incubation 
and analyzed by the performylation method (10) contained 6.4 
mumoles of palmitoleic acid corresponding to 40% conversion. 


l2 


8 16 24 32 


PALMITYL-I-C'* CoA, mu MOLES~ - 


Fig. 5. Effect of increasing substrate concentration on desatu- 
ration. The experimental samples contained yeast particles (100 
ug of protein) and, in ymoles, TPNH 0.13, NaCN 1.0, potassium 
phosphate buffer pH 7.25, 100, and palmityl-1-C'*-CoA in a total 
volume of 1 ml. Samples were incubated for 10 minutes at 30° 
in air and analyzed by the performylation method (10). 
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344 Unsaturated Fatty Acids 
Palmitic acid palmityl-CoA the complete synthesis of a triglyceride molecule containing long~’ 
“8 chain fatty acids, as shown by the recent work of Weiss et al. 
; O2., TPNH : (39). Since it is known from mammalian experiments that the 
sieneaseaiineees dita /insiccccundeiuanat nonesterified fatty acids of serum rise in those metabolic states 


{Oxy palmityl-CoA] — palmitoleyl-CoA 
Thiolase almitoleic acid + CoA 


Palmitoleyl-CoA 


The direct origin of unsaturated fatty acids from saturated 
precursors was first demonstrated by the classical work of Schoen- 
heimer and Rittenberg (37). All of the evidence presented here 
bears out their conclusions. Thus, the saturated precursor, 
palmitic acid, is active as a substrate for palmitoleie formation 
in a cell-free system which is not capable of synthesizing fatty 
acids from acetate.’ The observed conversion of palmitate 
therefore does not proceed by way of smaller units. The wash- 
ing experiments with intact yeast cells described in Table III 
are also in accord with the conclusion that unsaturated fatty 
acids are formed directly from long-chain precursors and not 
from smaller units by an independent process de novo. 

The intracellular site of the desaturation reaction is not clear 
at present. Both the heavy particles sedimenting at 8,000 x g 
and the lightest particles (sedimented only after prolonged cen- 
trifugation at 104,000 x g) convert palmitic to palmitoleic acid, 
the activities being roughly equivalent per unit weight of pro- 
tein.! Although the microscopic and submicroscopic particulate 
structure of yeast is poorly defined, Klein (4) has succeeded in 
fractionating yeast homogenates by differential centrifugation 
and in localizing the enzyme system for lipid synthesis. It is 
conceivable that desaturating activity is associated with more 
than one cytoplasmic constituent of yeast, but it seems more 
probable that we failed to fractionate enzyme activity because 
the cell-free extracts were prepared with the aid of a Hughes’ 
press and not by grinding (4). Bernhard et al. (30) have lo- 
calized the desaturating activity of rat liver in the supernatant 
fluid remaining after removal of mitochondria by centrifugation. 
The mitochondria alone had essentially no activity, either with 
or without ATP. We have presented other evidence above that 
desaturation is independent of the cytochrome system. Though 
indirect, the evidence therefore points to the microsomes as the 
site of desaturation. 

The present work has also shed some light on the possible re- 
lationship between biotin and unsaturated fatty acids, which has 
been indicated by nutritional work with Lactobacilli (17-20). 
From the present experiments it is clear that in yeast biotin is 
not essential for desaturation per se, but is involved indirectly 
only by participating in the total synthesis of the fatty acid 
carbon chain from acetate. This latter point was first estab- 
lished by the work of Wakil et al. (38) who have discovered the 
presence of biotin in the soluble fatty acid-synthesizing enzymes 
of pigeon liver. Comparison of the data obtained by Klein (4) 
and those presented in Table IV reveals identical effects of CO2 
deprivation and of biotin deficiency on lipid biogenesis in yeast, 
namely, inhibition of fatty acid synthesis and stimulation of the 
synthesis of nonsaponifiable lipids, and the complete reversal of 
these effects in the presence of CO, and biotin, respectively. 

Finally, the present work provides new evidence for the key 
role of TPNH in the regulation of lipid biosynthesis. The high 
percentage of monounsaturated fatty acids in the lipids of both 
yeast and animal tissues emphasizes the importance of an ade- 
quate supply of TPNH for the desaturation process. In turn, 
at least one molecule of unsaturated fatty acid is required for 


in which TPNH levels are limiting, 2.e. in starvation and di- 
abetes (40), one may speculate that decreased TPNH availabil- 
ity, by reducing the formation of unsaturated fatty acids, will 
in turn curtail triglyceride synthesis and thus cause an accumu- 
lation of unesterified fatty acids. 


SUMMARY 


1. Extracts prepared from anaerobically grown yeast with the 
aid of the Hughes’ press catalyze the desaturation of palmitic to 
palmitoleic acid and of stearic to oleic acid. The cofactors re- 
quired for the conversion are coenzyme A, adenosine triphos- 
phate, reduced triphosphopyridine nucleotide, and Mg++. Mo- 
lecular oxygen is essential for the reaction and cannot be replaced 
by artificial electron acceptors. 

2. With palmityl coenzyme A as the substrate, desaturation 
takes place in a system containing only the particulate fraction 
of yeast homogenates, reduced triphosphopyridine nucleotide, 
and oxygen in the gas phase. The reaction product has been 
identified as palmitoleyl coenzyme A. 

3. Evidence is presented to show that in yeast monounsatu- 
rated fatty acids are formed primarily by desaturation of the 
corresponding saturated acid. 

4. The slow anaerobic rate of lipid synthesis from acetate by 
intact yeast can be markedly enhanced by raising the glucose 
concentration from 20 to 25%. 

5. In resting cells of a biotin-deficient strain of yeast the in- 
corporation of C'-acetate into fatty acids is greatly stimulated 
by addition of biotin to the medium. 
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The enzymatic synthesis of malonyl coenzyme A was initially 
reported by Hayaishi (1) who studied the enzymatic decarboxyla- 
tion of malonic acid in Pseudomonas fluorescens. Decarboxyla- 
tion of malonic acid was found to be dependent upon adenosine 
triphosphate and CoA, and a compound with the same RF, as 
malonyl monohydroxamate was identified as a derivative of one 
of the intermediate products (presumably malonyl-CoA). More 
recently both Wakil (2) and Formica and Brady (3) have identi- 
fied malonyl-CoA as an intermediate in fatty acid synthesis and 
have found that it is formed by the enzymatic carboxylation of 
acetyl-CoA. In addition to these, enzymic synthesis of malonyl- 
CoA by a CoA transferase reaction has been reported by Mennon 
and Stern (4). 

Cell-free extracts of Clostridium kluyvert have been found to 
catalyze the formation of malonyl-CoA by a new mechanism, the 
pyridine nucleotide-dependent dehydrogenation of malonyl] semi- 
aldehyde-CoA. The enzyme which catalyzes this reaction, 
malonyl semialdehyde-CoA dehydrogenase, catalyzes the third 
oxidative step in the 6-oxidation of propionic acid, as previously 
outlined (5). The enzyme has not yet been effectively separated 
from $-hydroxypropionyl-CoA dehydrogenase, so that the re- 
sultant over-all reaction is a dismutation: 


Malony] semialdehyde-CoA + TPN* + HO — 
malonyl-CoA + TPNH + H* (1) 

Malony! semialdehyde-CoA + TPNH + H* = 
8-hydroxypropionyl-CoA + TPN* (2) 


Sum: 2 malonyl] semialdehyde-CoA + H.0 — 
malonyl-CoA + 8-hydroxypropionyl-CoA (3) 


At pH 7.5 to 8.0, where the rate of the TPN-dependent disap- 
pearance of malonyl semialdehyde-CoA is optimal, Reaction 2 
also functions very efficiently. Variation of experimental condi- 
tions, 7.¢. the use of higher pH values, the use of partially purified 
or partially denatured enzyme preparations, or the introduction 
of external electron acceptors has led ‘to partial separation of the 
two activities.._ However, in all cases the products formed in- 
cluded both malonyl-CoA and 6-hydroxypropionyl-CoA. 

Although the reactions described in this paper have been 
found to occur at much higher rates when the CoA ester of mal- 
onate semialdehyde was used, the pantetheine derivative was 
often utilized because it is more readily available. 

This paper will present evidence for the occurrence of the 
enzyme, malonyl semialdehydv-CoA dehydrogenase, and will 


1P. R. Vagelos, unpublished experiments. 


present a simple procedure for the chemical synthesis of malony]- 
CoA. 


Methods 


Thiolesters of malonate semialdehyde were made as reported 
previously (5) from the malonaldehydic acid ethyl ester diethy] 
acetal generously provided by Drs. W. G. Robinson and M. J. 
Coon. Thiolesters other than the malonate semialdehyde de- 
rivatives were assayed by the hydroxamate method (6). Mal- 
ony! semialdehyde pantetheine and malonyl semialdehyde-CoA 
were assayed quantitatively with the use of a partially purified 
preparation of $-hydroxypropionyl-CoA dehydrogenase and 
measuring the oxidation of TPNH at 340 my (5). 

Thiolesters of CoA were chromatographed in a solvent system 
consisting of equal volumes of ethanol and 0.1 m potassium ace- 
tate, pH 4.5; pantetheine thiolesters were chromatographed in a 
solvent system consisting of n-butanol-water (100:18). Hydrox- 
amic acid derivatives of the purified thiolesters were prepared by 
addition of 0.2 ml of 2 mM neutral hydroxylamine per ml of solu- 
tion. After 15 minutes at room temperature the solutions were 
passed over a Dowex 50 column (hydrogen form, 8 « 50 mm) 
to convert the hydroxamates to the free acid form; they were 
then desalted for chromatography (7). The three solvent sys- 
tems used for hydroxamate chromatography were isopropyl] 
alcohol-pyridine-water (1:1:1), isobutyl alcohol-pyridine-water 
(1:1:1), and isoamy] alcohol-pyridine-water (4:3:1.9). Malonyl 
monohydroxamate had R, values of 0.66, 0.59, and 0.21 in these 
three solvents, respectively; whereas 6-hydroxypropionyl hy- 
droxamate had F,» values of 0.82, 0.78, and 0.62, respectively. 

8-Hydroxypropionyl hydroxamate was synthesized as de- 
scribed previously (8). Potassium monoethyl] malonate was syn- 
thesized according to the method of Freund (9). This ester was 
converted to malonyl monohydroxamate by incubating it at 68° 
for 10 minutes with one equivalent of alkaline hydroxylamine 
solution (made by dissolving 25 g of potassium hydroxide and 
hydroxylamine hydrochloride in 400 ml of methanol and then 
filtering off the potassium chloride). This solution was cooled 
and passed over a Dowex 50 column to convert the malony! 
monohydroxamate to the free acid form. The solution was 
evaporated to dryness, and the dry powder was extracted 3 
times with hot ethanol. Malonyl monohydroxamate was crys- 
tallized from hot ethanol. This product had a melting point of 
144-145° and the following elementary analysis: 


Calculated: C 30.2, H 4.23, N 11.74 
Found: C 30.46, H 4.31, N 11.34 
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Enzyme Assay—The reaction was carried out in 1.5-ml cu- 
vettes with a 1.0-cm light path. The cuvettes contained 200 
pmoles of triethanolamine hydrochloride buffer, pH 8, 0.06 umole 
of malonyl semialdehyde pantetheine, 0.1 umole of TPN, and 
0.05 ml of the enzyme solution in a total of 1.0 ml. Malonyl 
semialdehyde pantetheine was omitted in a reference cuvette. 
The reaction was started by addition of the enzyme. The rate 
of disappearance of malonyl! semialdehyde pantetheine, as meas- 
ured by the decrease in absorbancy at 300 my during the first 5 
minutes after addition of enzyme, was directly proportional to 
the enzyme concentration over a limited range. 

Cell-free extracts of C. kluyvert were prepared as reported 
previously (5). The following operations were carried out at 
0-4°. To 75 ml of cell-free extract, containing 2.1 g of protein 
in 0.01 m potassium phosphate buffer, pH 7.5, were added 10 ml 
of 1.0 m triethanolamine hydrochloride buffer, pH 7.5, and then 
solid ammonium sulfate to bring the concentration to 0.75 sat- 
uration. The precipitate was removed by centrifugation and 
discarded. Additional ammonium sulfate was added to bring 
the concentration to 0.95 saturation. After centrifugation the 
precipitate was dissolved in a minimal volume of 0.05 M tri- 
ethanolamine hydrochloride buffer, pH 7.5, and then dialyzed 
overnight against 3 liters of 0.01 m potassium phosphate buffer, 
pH 7.5. To 10 ml of the resultant solution (containing 143 mg 
of protein) were added 0.5 ml of 1 mM potassium dihydrogen 
phosphate to lower the pH to 6.0. Then 3 ml of calcium phos- 
phate gel (25.1 mg per ml) were added, the suspension was 
centrifuged, and the precipitate was discarded. The pH of the 
supernatant solution was adjusted to 7 by careful addition of 1 
m potassium hydroxide. This purification procedure essentially 


rid the crude extract of a TPNH-oxidase. The enzyme solution 


was stable for several weeks when stored at —20°. 

Protein determinations were done by the method of Gornall 
et al. (10). TPN, DPN, TPNH, DPNH, and CoA were ob- 
tained from Pabst Laboratories. Pantetheine was obtained from 
Parke, Davis and Company. 


RESULTS 


Spectrophotometric Evidence for TPN-dependent Disappearance 
of Malonyl Semialdehyde Pantethene—Malonyl semialdehyde 
thiolesters exhibit the characteristic ultraviolet absorption spec- 
trum of B-carbony] thiolesters with a peak at 300 my due to the 
formation of an enolate ion (5). When malonyl semialdehyde 
pantetheine was incubated at room temperature with the enzyme 
and TPN, there was a rapid decrease in absorbancy at 300 mu, 
indicating the disappearance of the substrate (Fig. 1). There 
was no reaction with a boiled enzyme preparation. Because a 
TPN-dependent aldehyde dehydrogenase that is also dependent 
upon CoA had previously been reported in extracts of C. kluyvert 
(11), incubations were also done with CoA included. There was 
no stimulation of this reaction by CoA. The TPN requirement 
of the reaction suggested that malonyl semialdehyde pantetheine 
was being oxidized, but TPNH, the other presumed product of 
the reaction, did not accumulate as measured spectrophoto- 
metrically at 340 mp. The failure to accumulate TPNH was 
due to the contamination of all of our enzyme preparations by 
8-hydroxypropionyl-CoA dehydrogenase. As reported previ- 
ously, the formation of §-hydroxypropiony] thiolesters from 
malonyl semialdehyde thiolesters is greatly favored and occurs 
rapidly and stoichiometrically even at very low levels of substrate 
and TPNH (5). To demonstrate the activity of this enzyme 
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more directly, malonyl semialdehyde-CoA was incubated with 
enzyme and a stoichiometric amount of TPNH. Fig. 1 shows 
that the thiolester disappeared more rapidly than when it was 
incubated with TPN. It will be demonstrated below that both 
the oxidation and reduction products of malonyl semialdehyde 
pantetheine were formed as products of the over-all reaction. 

Catalytic Role of TPN—If the TPNH formed during the oxida- 
tion of malonyl semialdehyde thiolesters to malonyl thiolesters 
were rapidly reoxidized to TPN by a secondary reaction as postu- 
lated above, then TPN should act catalytically (Reaction 3). 
Fig. 2 shows that the rate of disappearance of malonyl semialde- 
hyde-CoA was maximally stimulated by levels of 3 x 107° m 
TPN. DPN could not replace TPN under these experimental 
conditions. Fig. 2 also shows that at each concentration of TPN 
tested, much more substrate disappeared in 10 minutes than 
could be explained by a stoichiometric reaction with TPN. 
These results can best be interpreted by assigning a catalytic 
role to TPN in the over-all reaction under study. 

Identification of Products of Reaction—Incubation experiments 
with 10 wmoles of malonyl semialdehyde pantetheine or -CoA 
were carried out in order to accumulate the products of the re- 
action. The reaction mixtures were incubated until the ultra- 
violet absorption at 300 mu had completely disappeared or 
had stopped decreasing. A typical incubation mixture contained 
150 umoles of triethanolamine hydrochloride buffer, pH 8.0, 10 
moles of malonyl semialdehyde pantetheine, 10 of TPN, 
150 wmoles of sodium hydroxide (to neutralize the substrate 
solution which was stored at pH 1.0), and 24 mg of enzyme in a 
total volume of 4 ml. Appropriate controls with boiled enzyme 
or with omission of substrate or TPN were included. The tubes 
were incubated at 24° for 1 hour; the reactions were stopped by 
addition of 10 ml of ethanol and 5 N sulfuric acid to lower the 
pH to 2. After removal of the precipitates by centrifugation, 
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Fic. 1. Pyridine nucleotide-dependent metabolism of malonyl 
semialdehyde pantetheine. The cuvettes contained 100 umoles . 
of triethanolamine hydrochloride buffer, pH 8, and 0.06 umole of 
malonyl semialdehyde pantetheine in a total volume of l ml. At 
the indicated times 1.2 mg of enzyme, 0.1 umole of TPN, or 0.06 
umole of TPNH were added. Absorbancy was followed at 300 mu. 
Malony! semialdehyde pantetheine was omitted in the reference 
cuvettes (1.5-ml cuvettes with 1.0-cm light path were used). 
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Fic. 2. Effect of TPN concentration on the disappearance of 
malonyl semialdehyde-CoA. The cuvettes contained 200 umoles 
of triethanolamine hydrochloride buffer, pH 8.2, 0.03 umole of 
malonyl semialdehyde-CoA, 0.08 mg of enzyme, and the indicated 
amounts of TPN in a total volume of 1.0ml. Reference cuvettes 
contained no thiolester. The rate of disappearance of malonyl 
semialdehyde-CoA was measured spectrophotometrically by the 
decrease in absorbancy at 300 my occurring in the first 10 minutes 
after the addition of enzyme. 


DISAPPEARANCE OF MALONYL 


the supernatant solutions were evaporated to a small volume and 
chromatographed in the n-butanol-water solvent system. The 
thiolesters (Rr 0.65) were eluted with water, converted to the 
hydroxamate derivatives, and the latter chromatographed in 
three solvent systems. Each of the three chromatograms showed 
that hydroxamic acid derivatives were present only in the sample 


with the complete system. The three controls had no hydrox- 


amates (since malonyl] semialdehyde thiolesters do not form hy- 
droxamate derivatives (5)). The two hydroxamate spots in 
each of the solvents corresponded exactly with malonyl mono- 
hydroxamate and #$-hydroxypropionyl hydroxamate. Similar 
experiments with malonyl semialdehyde-CoA were done, but 
these contained only 1.2 mg of enzyme and required only 30 
minutes of incubation. The reaction products had hydroxamate 
derivatives exactly as above. 

In order to identify the reaction products further, the chro- 
matographed thiolester products from an experiment with mal- 
onyl semialdehyde pantetheine similar to that described above 
were hydrolyzed with 0.5 N potassium hydroxide at 24° for 30 
minutes. The solution was then acidified to pH 1 with 5 N 
sulfuric acid and extracted five times with an equal volume of 
ethyl acetate (this procedure extracted more than 95% of the 
malonic acid but only about 35% of the 6-hydroxypropionic 
acid). Because the solvent systems to be used for chromatog- 
raphy could not separate malonic acid from unreacted malonate 
semialdehyde, the ethyl acetate layer was evaporated to dryness 
and the acids were dissolved in a little water. To this was added 
0.2 ml of a 0.1% solution of 2,4-dinitrophenylhydrazine in 2 nN 
hydrochloric acid to convert the aldehyde to a hydrazone. The 
resultant acids and hydrazone derivative of the aldehyde were 
chromatographed in two solvent systems. The first system (12) 
consisted of 95% ethanol-ammonia-water (8:1:1); the Rr of 
malonate was 0.21, the Rr of B-hydroxypropionate was 0.5, and 
the Ry of the hydrazone of malonate semialdehyde was 0.52. 
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The acids were located by spraying with an indicator solution 
(13) and were easily distinguishable from the hydrazone which 
was brown. The second system (13) consisted of n-butanol- 
water-diethylamine (10:1.5:0.1); the Rr of malonate was 0.047, 
the Rp of B-hydroxypropionate was 0.2, and the Rr of the hy- 
drazone was 0.5. When the hydrolyzed enzymatic products 
were thus treated and chromatographed, both malonate and a 
trace of B-hydroxypropionate were identified on both chromato- 
grams. Malonate from both systems was eluted from the paper 
and rechromatographed in two other solvents: ether-acetic acid- 
water (15:3:1) (14) and n-amyl alcohol saturated with 5 m 
formic acid (15). Malonate had an Rr, value of 0.63 and 0.54, 
respectively, and was indistinguishable from the enzymatic prod- 
uct. 

Stoichiometry of Reaction—Since malonyl semialdehyde thiol- 
esters do not form hydroxamic acid derivatives and both malonyl 
and 6-hydroxypropiony] thiolesters do, it was possible to measure 
the over-all enzymatic reaction by noting the amount of hydrox- 
amate-forming material that was produced. A typical experi- 
ment included 100 wmoles of triethanolamine hydrochloride buf- 
fer, pH 8, 1.0 wmole of malonyl semialdehyde pantetheine, 

;2.0 wmoles of TPN, 0.02 ml of 1 N sodium hydroxide, and 6 
mg of enzyme in a total of 1.25 ml. The tube was incubated 
for 40 minutes at room temperature at which time the malonyl 
semialdehyde pantetheine had disappeared (measured spectro- 
photometrically). The reaction was stopped by addition of hy- 
droxylamine. The resultant hydroxamates were assayed quan- 
titatively (6) and in two separate experiments gave values of 
0.85 and 0.9 umole, indicating that the conversion was close to 
stoichiometric. The relative proportion of malonyl to 6-hy- 
droxypropionyl hydroxamate could be estimated (7) by cutting 
out and eluting the spots from the hydroxamate chromatograms 
described above. Malonyl monohydroxamate varied from 50 to 
80% of the total hydroxamate, depending on how much of the 
B-hydroxypropionyl-CoA dehydrogenase contaminated the mal- 
onyl semialdehyde-CoA dehydrogenase preparation. 

Irreversibility of Malonyl Semialdehyde-CoA Dehydrogenase Re- 
action—The reversibility of the malonyl semialdehyde-CoA de- 
hydrogenase reaction was tested in two ways. Spectrophoto- 
metric experiments were done in which TPNH was incubated 
with synthetic malonyl-CoA and enzyme; the concentration of 
TPNH was followed at 340 my. There was no detectable 
malonyl-CoA-dependent disappearance of TPNH. Larger scale 
experiments in which a TPNH-generating system (glucose 6-phos- 
phate, TPN, and glucose 6-phosphate dehydrogenase) was incu- 
bated with malonyl-CoA and enzyme were alsodone. The latter 
experiments were stopped by addition of hydroxylamine, and the 
hydroxamate derivatives were chromatographed. $-Hydroxy- 
propionyl hydroxamate, the expected product if malonyl semi- 
aldehyde-CoA were formed and then reduced to 6-hydroxypro- 
pionyl-CoA, was never detected. The sensitivity of the latter 
method for assessing the presence of 8-hydroxypropionyl-CoA 
was such that less than a 5% reversal would not have been de- 
tected. 

Chemical Synthesis of Malonyl-CoA—The synthesis of malonyl- 
CoA by the usual thiolester preparative procedures, t.e. from the 
acid anhydride (16) or from the mixed anhydride of ethyl hydro- 
gen carbonate (17), was not feasible. In the first case, a simple 
anhydride of malonic acid does not exist. In the latter case our 
attempted synthesis of the mixed anhydride of ethyl hydrogen 
carbonate and malonic acid was totally unsuccessful. Another 
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method that has been used for preparing thiolesters utilized the 
acyl chloride derivative (18) as an intermediate. This method 
was tried successfully, but it entailed synthesis of malonyl mono- 
chloride (19). A much more convenient intermediate was found 
to be the mixed anhydride of acetic and malonic acids, made by 
reacting ketene? and malonic acid in ether. 

Dry malonic acid (5.2 g, 50 mmoles) and 100 ml of dry ether 
were mixed in a rubber-stoppered flask fitted with glass tubing 
for delivery of ketene. The mixture was stirred continuously 
with a magnetic stirrer throughout the procedure. After most 
of the malonic acid was dissolved, ketene was delivered into the 
ether solution directly from a ketene generator at the rate of 0.6 
to 0.8 mmole per minute (determined by titrating a water solu- 
tion). This was continued for approximately 1 hour at room 
temperature. At this point the solution was yellow or amber. 
Allowing the solution to become brown decreased the yield of the 
desired product. The total amount of hydroxamate-forming 
material in the ether solution was measured by the method of 
Lipmann and Tuttle (6). One equivalent of thiophenol (based 
on hydroxamate assay) was added; the solution was cooled to 
0°; and then 50 mmoles of pyridine were added. A reddish 
brown tar formed in the ether solution. The mixture at this 
point contained malonyl mono- and dithiopheny] ester as well as 
acetyl thiophenyl ester (as shown by chromatography of the 
hydroxamate derivatives). After 30 minutes, 1.0 m potassium 
bicarbonate, pH _7, was added dropwise (50 to 70 ml total) to the 
ether mixture at 0° (stirred constantly with a glass rod) until 
all the tarry material dissolved and the aqueous layer remained 
at pH 7. The aqueous layer was removed and the ether layer 
was extracted twice with aliquots of 20 ml of the bicarbonate 
solution. The combined aqueous layers contained essentially 
all the malonyl monothiopheny] ester. This was acidified to pH 
1 by dropwise addition of 5 N sulfuric acid and then extracted 
three times with aliquots of 15 ml of ether, thereby extracting the 
thiophenyl ester back into ether. The combined ether extracts 
were then treated with bicarbonate solution followed by acidifica- 
tion of the aqueous layer and extraction with ether as above ex- 
cept that consecutively smaller volumes were used. This was 
repeated twice more, the final amber ether extract (5 to 10 ml) 
being saved. This procedure effectively separated malonyl 
monothiophenyl ester from the other products. The usual yield 
was 2 to 3.5 mmoles. The thiolester was tested for purity by 
chromatography of the hydroxamic acid derivative which proved 
to be 90 to 98% homogenous in the three solvent systems. The 
ether solution of the malonyl monothiophenyl ester was stable 
at —20° for at least 9 months. 

Acyl transfer to CoA (a modification of the method of Wieland 
and Képpe (18)) was accomplished by addition of one equivalent 
of the thiopheny] ester in ether to a solution of 70 umoles of CoA 
in 2.0 ml of 0.2 m potassium bicarbonate, pH 8.0, at room tem- 
perature. The pH was maintained at 8 by dropwise addition of 
1 N potassium hydroxide if necessary. A milky precipitate of 
liberated thiophenol appeared as the ester interchange proceeded. 
When the CoA was completely esterified (18), the solution was 
acidified to pH 1 and extracted three times with 3 ml of ether to 
remove excess thiophenyl ester and thiophenol. The aqueous 
solution was adjusted to about pH 5 and the malonyl-CoA was 
purified by paper chromatography. The yield was usually about 
dd umoles of purified malonyl-CoA. 


? The author is indebted to Dr. H. Kny for the use of his ketene 
generator. 
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This synthetically prepared malonyl-CoA was found to contain 
1 umole of adenine (measured spectrophotometrically at 260 my) 
per umole of thiolester (assayed by the quantitative hydroxamate 
method). The hydroxamic acid derivative was indistinguishable 
from authentic malonyl monohydroxamate in three solvent sys- 
tems. The product of alkaline hydrolysis was indistinguishable 
from authentic malonic acid in the four solvent systems men- 
tioned earlier. 


DISCUSSION 


Previous work that has been reported from this laboratory 
has outlined a 6-oxidative pathway for the metabolism of pro- 
pionic acid by cell-free extracts of C. kluyvert (5). The formation 
of malonyl semialdehyde-CoA from 8-hydroxypropionyl-CoA, 
catalyzed by a pyridine nucleotide-dependent dehydrogenase, 
seemed compatible with a fatty acid oxidation scheme similar to 
that of the longer straight chain fatty acids (20). The usual 
mechanism for the further metabolism of 6-carbony] thiolesters 
is the thioclastic reaction catalyzed by the CoA-dependent 
B-ketothiolase (21-23). This reaction would lead to the cleav- 
age of malonyl semialdehyde-CoA to acetyl-CoA and formyl- 
CoA. Another mechanism that could theoretically be involved 
in the metabolism of malonyl semialdehyde-CoA would be the 
reaction catalyzed by the CoA-dependent aldehyde dehydrogen- 
ase (11). The latter would catalyze the formation of malonyl 
di-CoA. Both of these enzymes are present in extracts of 
C. kluyvert! (11). However, it is clear from the evidence pre- 
sented in this paper that the reaction catalyzed by malonyl semi- 
aldehyde-CoA dehydrogenase leads to the formation of malonyl- 
CoA and not to any of the products that might have been 
predicted from the knowledge of enzymes previously studied in 
this organism. 

Malonyl semialdehyde-CoA dehydrogenase has not yet been 
separated from $-hydroxypropionyl-CoA dehydrogenase, and 
the over-all reaction observed in studying the TPN-linked dis- 
appearance of malonyl semialdehyde-CoA is a dismutation. Al- 
though separation of the two enzymes has not been achieved, it 
is unlikely that the two activities are catalyzed by the same 
enzyme. Previous experience with a similar dismutation reac- 
tion (24) and numerous studies on the specificity of other alde- 
hyde dehydrogenases (25) favor the existence of two separate 
enzymes catalyzing the two dehydrogenations. Further work 
on the purification of malonyl semialdehyde-CoA dehydrogenase 
is in progress. 

Irreversibility of the malonyl semialdehyde-CoA dehydrogen- 
ase reaction is not unexpected. Attempts to reverse other alde- 
hyde dehydrogenases have fa‘led; the equilibrium greatly favors 
the oxidized form (25). The notable exception is the CoA- 
dependent aldehyde dehydrogenase from C. kluyveri and E. coli 
which is reversible. This can be accounted for by the fact that 
a new thiolester bond is formed as a product of this dehydrogena- 
tion reaction, resulting in a lower over-all free energy change. 


SUMMARY 


Malonyl semialdehyde coenzyme A dehydrogenase, an enzyme 
which catalyzes the triphosphopyridine nucleotide-specific de- 
hydrogenation of malonyl semialdehyde coenzyme A to malonyl 
coenzyme A, was demonstrated in extracts of Clostridium kluy- 
vert. The enzyme preparation also contained §-hydroxypro- 
pionyl coenzyme A dehydrogenase, so that the over-all reaction 
studied was a dismutation. 


The products of the reaction were 
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identified by chromatographic comparison of the hydroxamic acid 
derivatives to authentic malonyl monohydroxamate and {-hy- 
droxypropionyl hydroxamate, and by chromatographic com- 
parison of the products of alkaline hydrolysis of the thiolesters 
to authentic malonate and §-hydroxypropionate. The reaction 
catalyzed by malonyl semialdehyde coenzyme A dehydrogenase 
was found to be irreversible under our experimental conditions. 

A procedure for the chemical synthesis of malonyl coenzyme A 
by way of the mixed anhydride of malonic and acetic acids was 
reported. 


Acknowledgments—The author wishes to acknowledge the con- 
stant encouragement of Dr. E. R. Stadtman and the assistance 
of A. W. Alberts during the latter part of this work. 
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In this report evidence is presented that 17a-hydroxypregneno- 
lone (38,17a-dihydroxy-A*-pregnen-20-one), when administered 
intravenously, serves as a precursor of urinary dehydroisoandros- 
terone (38-hydroxy-A*®-androsten-17-one), isoandrosterone (38-hy- 
droxy-androstan-17-one), androsterone (3a-hydroxy-androstan- 
17-one), and etiocholanolone (3a-hydroxyetiocholan-17-one). 
Thus experimental data concerning the steroidal progenitors of 
dehydroisoandrosterone in man have been obtained. 

Until now little has been known about the steroidal precursors 
of dehydroisoandrosterone. The conversion of acetate-1-C to 
radioactive dehydroisoandrosterone has been demonstrated both 
in vivo (in a patient with an adrenal tumor (1)) and in vitro (with 
human adrenal slices obtained from a subject having adrenogenital 
syndrome (2)). Lieberman and Teich (3), in reviewing the pos- 
sible metabolic precursors of dehydroisoandrosterone, have sug- 
gested that a clue to the progenitors of this metabolite appears to 
rest with the A®-36-hydroxy grouping in rings A and B of the 
molecule. They pointed out that many metabolites possessing 
this grouping have been isolated from urine and that several of 
these (A*-pregnene-36 ,20a-diol, 38,17a,dihydroxy-A*-pregnen- 
20-one, and A®pregnene-38 ,17a,20a-triol) provide a clue to a 
reasonable biogenetic pathway leading to the formation of dehy- 
droisoandrosterone. It was assumed that A*-pregnenolone, which 
since then has been proven to be an intermediate between choles- 
terol and progesterone in adrenal hormone biosynthesis (4, 5), 
could suffer hydroxylation at Ci; before it underwent dehydrogen- 
ation to yield the a,8-unsaturated ketone. The product, 17a- 
hydroxypregnenolone, or its relative A5-pregnene-38 , 17a ,20a-triol 
could then be degraded to the 17-ketone, dehydroisoandrosterone. 

To study one phase of this problem, 17a-hydroxypregnenolone 
was labeled randomly with tritium by the Wilzbach procedure (6). 
After establishing the radiochemical homogeneity of the product, 
its 3-monoacetate was administered to a patient who had extensive 
metastases originating from a primary adrenal tumor. The pa- 
tient excreted huge amounts of dehydroisoandrosterone in the 
urine. In addition, tritiated 17a-hydroxypregnenolone acetate 
was administered toa normal male. In both experiments, urinary 
dehydroisoandrosterone, androsterone, and etiocholanolone were 


* This study was supported in part by grants from the National 
Science Foundation, the National Institutes of Health, and the 
American Cancer Society. 

+ A preliminary report of this work was presented before the 
IVth International Congress of Biochemistry, Vienna, September 
1958. 


isolated and examined for radioactivity. The presence of isoan- 
drosterone in the urine of the patient was also proved. All four 
urinary Cy9-17-ketosteroids isolated from the urine of the patient 
were found to contain the radioisotope. In contrast, the 17- 
ketosteroids isolated from the normal subject contained so little 
radioactivity that an unequivocal conversion in the normal has 
not been demonstrated. 


EXPERIMENTAL 


Aliquots of samples to be assayed were evaporated to dryness 
under nitrogen in 5-dram vials (Wheaton Glass Company) and 
dissolved in 5 ml of toluene containing 0.3% of 2,5-dipheny]- 
oxazole and 0.01% of 1,4-bis-2(5-phenyloxazolyl)-benzene (both 
from Pilot Chemicals). These samples were counted in the 


‘Packard Tri-Carb model 314-DC liquid scintillation spectrometer 


with the counting chamber set at —2°. ‘Tritium was counted at 
photomultiplier voltage Tap 9 (1320 volts) and the pulse height 
discriminators were set at 10 to 70 volts. The efficiency of trit- 
ium counting at these settings was approximately 17%. A 
sealed standard of tritiated cholesterol dissolved in toluene-phos- 
phor was used as a point of reference. Sufficient counts were 
accumulated to give a standard error of no more than 2%. The 
counts ‘obtained with crude extracts were corrected for quenching 
by adding known amounts of tritiated cholesterol in 0.2 ml of 
toluene and then recounting the sample. 

All melting points were taken on a K6fler block and were cor- 
rected. Infrared spectra were determined in a model 21C Perkin- 
Elmer double beam spectrophotometer, either as potassium bro- 
mide disks or in carbon disulfide solution. 

Purification of Radioactive 17a-Hydroxypregnenolone—The 
product obtained by the tritiation of 500 mg of 17a-hydroxypreg- 
nenolone (m.p., 266-270°), with the use of the Wilzbach pro- 
cedure (6),! contained 140 mc and weighed 470 mg. It was dis- 
solved in 250 ml of methanol, and 1-ml aliquots were removed 
daily for counting. Over a 7-day period there was no change 
in the tritium content of the residues obtained from these 
aliquots by evaporation of the methanol. The stock solution 
was then taken to dryness and the specific activity of the 
product was found to be 14.72 xX 10® counts per minute per 
mg. ‘This material was dissolved in 100 ml of freshly distilled 
tetrahydrofuran containing 20 ml of water. After the ad- 


1 Tritiation of the steroid was carried out by the New England 
Nuclear Corporation. 
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dition of 80 ml of a 5% solution of potassium hydroxide in 
absolute alcohol, the mixture was kept at room temperature for 4 
days, after which the organic solvents were removed under reduced 
pressure. The aqueous residue was acidified with 6 N HCl and 
the steroids were extracted 4 times with ethyl acetate. The 
ethy] acetate extracts were united and washed with half saturated 
sodium bicarbonate, and with water until neutral. During the 
extraction, some of the ethyl acetate extract was accidentally lost. 
The extracts were dried over sodium sulfate and then concentrated 
to dryness under reduced pressure. The dried residue weighed 
300 mg and was acetylated overnight with acetic anhydride and 
pyridine at room temperature. The acetylated product, weigh- 
ing 312 mg, was dissolved in 30 ml of Skellysolve B-benzene (1:1) 
and was chromatographed on alumina. The residues from each 
eluate were examined by infrared spectroscopy (as KBr disks) 
and only those, eluted with benzene, whose spectra were identical 
with that of authentic 17a-hydroxypregnenolone acetate were 
combined. The combined fractions weighed 261 mg and were 
crystallized from acetone to yield Sample A which melted at 
228-229° (corrected), and had a specific activity of 7.42 x 10° 
c.p.m. per mg (275 X 10’ c.p.m. per mmole). The material re- 
maining in the mother liquor was recrystallized from methanol- 
acetone and yielded a product with a specific activity of 7.23 « 10° 
c.p.m. per mg. A portion of Sample A was recrystallized from 
acetone and provided a product with a specific activity of 7.60 x 
10° c.p.m. permg. The dried residue left after evaporation of the 
filtrate from this crystallization had a specific activity of 7.90 x 
10° c.p.m. per mg. 

Fifty milligrams of Sample A were retreated with alkali by heat- 
ing under reflux for 2 hours in 10 ml of tetrahydrofuran, 2 ml of 
water, and 8 ml of 5% methanolic KOH solution. The product, 
recovered in the usual way, weighed 45 mg and was crystallized 
from ethanol to give 14 mg of a sample melting at 266-271° (cor- 
rected). Its infrared spectrum (KBr disk) was identical with that 
of 17a-hydroxypregnenolone, and its specific activity was 7.95 X 
10° c.p.m. per mg (252 X 10’ c.p.m. per mmole). 

In order to determine the amount of isotope incorporated into 
Cy, and Ca by exposure to gaseous tritium, the tritiated 17a- 
hydroxypregnenolone acetate was oxidized to dehydroisoandros- 
terone acetate. A portion of Sample A (26 mg) was dissolved 
in 1 ml of glacial acetic acid and then was oxidized with 0.3 ml 
of a 2% solution of chromic acid in 90% acetic acid. At the end 
of 15 minutes the solution had turned green and an additional 0.3 
ml of chromic acid soution was added. The reaction was allowed 
to proceed for 2 more hours, after which water was added and the 
mixture extracted with ether. The neutral ether-soluble residue, 
weighing 26 mg, was chromatographed on alumina. A crystalline 


TABLE I[ 
Fractional crystallization of dehydroisoandrosterone acetate 
Crystals Mother liquor 
Successive crystallization 

Weight Weight 
mg c.p.m./mg mg c.p.m./mg 
First (methanol) 65 955 31.8 | 60,200 
Second (ether-ligroin B) 51.9 974 11.4 | 17,752 
Third (methanol-ether) 30.8 108 19.2 2158 
Fourth (methanol) 8.7 86 21 193 
Fifth (methanol-ether) 1.0 44 7.3 57 


Conversion of 17a-Hydroxypregnenolone 


material was obtained by successive elution with benzene-Skelly- 
solve B (2:3) and benzene-Skellysolve B (3:2). Recrystallization 
from ligroin-ether yielded needles, m.p. 170-171° (corrected), 
whose infrared spectrum (CSz) was identical with that of dehydro- 
isoandrosterone acetate. Its specific activity was 6.4 <X 10°c.p.m. 
per mg (212 X 10’ c.p.m. per mmole), indicating that about 20% 
of the tritium had been removed by fission of the side chain. 

In order to determine whether the tritiated 17a-hydroxypreg- 
nenolone acetate was contaminated with dehydroisoandrosterone 
acetate the following experiments were performed. A portion of 
Sample A (326 ug, 2.42 x 10° c.p.m.) was diluted with 200 yg of 
unlabelled 17a-hydroxypregnenolone acetate and 600 yg of non- 
radioactive dehydroisoandrosterone acetate. The mixture was 
chromatographed on the heptane-ethylene glycol monopheny]l- 
ether (phenyl Cellosolve) system of Neher and Wettstein (7) for 7 
hours and the steroids were visualized on paper by spotting with 
phosphomolybdic acid. After chromatography the area corre- 
sponding in mobility to dehydroisoandrosterone acetate was 
eluted and to it were added 20 mg of carrier dehydroisoandroster- 
one acetate. The residual phenyl Cellosolve in this eluate was 
removed by partition between 50% methanol and hexane, the 
steroid remaining in the hexane phase. From the latter, 16 mg 
of crystalline residue were obtained which, when recrystallized 
from acetone-Skellysolve B, yielded a sample melting at 171—173° 
(corrected) and with a specific activity of 2110 ¢.p.m. per mg. 
To 10 mg of this dehydroisoandrosterone acetate dissolved in 2 ml 
of methanol were added 3.8 mg of sodium borohydride dissolved 
in 2 ml of methanol. The reduction was allowed to proceed at 
room temperature for 2 hours, after which the reaction was 
stopped by the addition of a few drops of acetic acid. After re- 
moval of the solvent under nitrogen, the steroids were extracted 
with ethyl acetate and the neutral extract was hydrolyzed over- 
night at room temperature with 5% solution of KOH in meth- 
anol. The saponified material was then chromatographed in the 
toluene-propylene glycol paper chromatographic system for 13.5 
hours, and the substance in the zone corresponding to A®-an- 


drostene-36 ,178-diol was eluted and partitioned between ethyl 
_acetate and water to remove the propylene glycol. 


By this 
means 3.5 mg were recovered from the ethyl acetate, and then 
were crystallized from ether-Skellysolve B to yield a product of 
m.p. 183-185° (corrected), with a specific activity of 684 c.p.m. 
per mg. This product indicated that the maximum possible 
contamination of the tritiated 17a-hydroxypregnenolone acetate 
with dehydroisoandrosterone acetate was 0.5% (20 mg of car- 
rier X 684 c.p.m. per mg X 100/2.42 x 10° c.p.m.). 

A second experiment involving successive crystallization was 
performed. In this experiment 326 ug of Sample A were mixed 
with 100 mg of dehydroisoandrosterone acetate. Five successive 
crystallizations were carried out and the specific activities of the 
products and of the unfractioned residues remaining in the mother 
liquor were determined. The results are shown in Table I. 
From the specific activity of the final product it may be calcu- 
lated that the original tritiated 17a-hydroxypregnenolone acetate 
(Sample A) could have been contaminated by dehydroisoandros- 
terone acetate only to the extent of 0.18% (100 mg x 44 c.p.m. 
per mg X 100/2.42 x 10° c.p.m.). 

Metabolic Experiment in Patient with Adrenal Metastases—Urine 
from 24-hour collections was hydrolyzed first with 8-glucuroni- 
dase? for 5 days at 37° with 500 units of the enzyme per ml of 


2 Ketodase, purchased from Warner-Chilcott Laboratories. 
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urine. After extraction of the liberated steroids with ethyl] ace- 
tate, the urine was hydrolyzed by Method B of Burstein and 
Lieberman (8). In those instances in which large quantities of 
dehydroisoandrosterone were expected, the combined hydrolyzed 
neutral extracts were first separated into a and @ fractions with 
digitonin by means of the technique of Dobriner et al. (9). The 
a fraction was then chromatographed by the gradient elution 
procedure of Lakshmanan and Lieberman (10), and the 6 frac- 
tion was chromatographed in a stepwise manner on neutral Har- 
shaw alumina.’ 

The patient was a 31-year-old woman who had had a right 
adrenalectomy for adrenal carcinoma at the age of 28. Three 
years later exploratory laparotomy revealed metastases. A con- 
trol 24-hour urine was hydrolyzed with 8-glucuronidase and by 
the solvolysis procedure (8), and a portion of the neutral ethy] 
acetate extract was chromatographed by the gradient elution 
technique. Analysis of the eluates by the Zimmermann method 
(11) and by infrared spectroscopy indicated a urinary excretion of 
158 mg of dehydroisoandrosterone, 18 mg of androsterone, and 26 
mg of etiocholanolone per 24 hours. No 11-oxygenated 17-keto- 
steroids were detected. Analysis of the eluates containing de- 
hydroisoandrosterone by the spectrophotometric procedure of 
Bitman et al. (12) failed to reveal significant amounts of isoandros- 
terone. 

Three milligrams of 17a-hydroxypregnenolone acetate of specific 
activity 7.42 10° c.p.m. per mg (Sample A) were dissolved in 2 
ml of propylene glycol. This solution was sterilized by heating at 
135° for 20 minutes and then added to 18 ml of ultraviolet-irra- 
diated plasma with an additional 2 ml of plasma to facilitate the 
transfer. The solution was injected intravenously into the pa- 
tient over a period of 1.5 minutes. All of the instruments and 
glassware used for the injection were washed with ether, ethyl 
acetate, and water, and the washings were partitioned between 
ethyl acetate and water. The ethyl acetate-soluble residue con- 
tained 971,340 c.p.m. from which it was calculated that the net 
injected dose was 21.29 10° c.p.m. 

Urine was collected for 3 days after which time the patient un- 
derwent surgery for the removal of a tumor mass from the right 
flank and a second mass from the pelvis on the left side of the cul- 
de-sac. The flank tumor was incubated with cholesterol-4-C™% 
and with tritiated 17a-hydroxypregnenolone acetate, and the 
pelvic tumor was incubated with tritiated 17a-hydroxypregneno- 
lone acetate alone. <A detailed description of these incubations 
and the findings will be published at a later date. 

The urine specimens were hydrolyzed with 6-glucuronidase and 
by the solvolysis procedure and the radioactivity in the neutral 
extracts thus obtained was determined. Urine from the first day 
contained 8.21 x 10° c.p.m., from the second, 2.12 * 10® ¢.p.m., 
and from the third, 3.64 x 10° ¢.p.m. Counting of the crude 
urines according to the procedure devised by Davidson and 
Fiegelson (13) proved to be unsatisfactory because of large quench- 
ing factors. The combined neutral residues from day 1 and 2 
(10.33 10° c.p.m., 598 mg, 48.4% of injected dose) were parti- 
tioned into @ and @B fractions with digitonin. The a fraction 
weighed 356 mg and contained 2.42 x 10° cpm. Because of 


> Harshaw alumina (200 mesh) was first heated under reflux 
with ethyl acetate for 5 days. After removal of the solvent by 
filtration, the alumina was washed with methanol and then con- 
tinuously with water for 2 days and then again with methanol. 
After this the alumina was dried overnight at 120° and deactivated 
by the addition of 5 g of water per 100 g of Al2O3. 
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spillage only 83 mg containing 1.91 x 10° cpm of the @ fraction 
were recovered. When the @ fraction was chromatographed on 
alumina a number of crystalline compounds were obtained, two 
of which have been identified by their infrared spectra (CS.) and 
melting points. Dehydroisoandrosterone was eluted by a solu- 
tion of 2% ether in benzene and A*-androstene-3,17-diol was 
eluted by a solution of 10% ether in benzene. The latter com- 
pound (13.4 mg, containing 169,450 c.p.m.) was not further in- 
vestigated. The dehydroisoandrosterone fraction weighed 44 mg 
and contained 110,080 c.p.m. (specific activity 2750 c.p.m. per 
mg). Jt was crystallized from Skellysolve B-acetone to give a 
product melting at 151-153° (corrected), whose specific activity 
was 2760 ¢.p.m. per mg. The specific activity of the residue in 
the mother liquor was 2590 ¢.p.m. per mg. 

The radiochemical purity of the isolated dehydroisoandrosterone 
was established as follows. In order to determine whether the 
isolated dehydroisoandrosterone contained isoandrosterone, 20.9 
mg of dehydroisoandrosterone of specific activity 2760 c.p.m. per 
mg were mixed with an equal weight of isoandrosterone and the 
mixture was acetylated in the usual manner. The acetylated 
mixture was dissolved in 2 ml of benzene, and 142 mg of perben- 
zoic acid in 15 ml of benzene were added; the resulting solution 
was kept at 4° for 69 hours. Water was then added and the 
products extracted with ethyl acetate. The neutral fraction from 
the ethyl acetate extract was chromatographed on alumina; iso- 
androsterone acetate was eluted with a 4:1 mixture of benzene 
and Skellysolve B, and the a-epoxide of dehydroisoandrosterone 
acetate was found in those fractions eluted with an ether-benzene 
(1:1) mixture. A portion of isoandrosterone acetate was hy- 
drolyzed and the free steroid chromatographed in the Skellysolve 
A-85% methanol system (14) for 24 hours. Staining the chro- 


‘matogram with the Zimmermann reagent revealed only the pres- 


ence of isoandrosterone. ‘The remainder of the isoandrosterone 
acetate was crystallized from ether-Skellysolve B. The product 
melted at 177—178° (corrected) and had a specific activity of 680 
¢.p.m. per mg. Insufficient material prevented further purifica- 
tion. When the a-epoxide of dehydroisoandrosterone acetate 
was crystallized from acetone, it yielded a product with m.p. of 
218—222° (corrected) and a specific activity of 1810 e¢.p.m. per 
mg. Recrystallization from acetone-Skellysolve B gave a sample 
of specific activity of 2000 c.p.m. per mg. The residue in the 
mother liquor had a specific activity of 1850 ¢.p.m. per mg. 
The crystals and mother liquors were combined and chromato- 
graphed on paper in the methyleyclohexane-formamide system. 
The Zimmermann staining material with the polarity of the a- 
epoxide of dehydroisoandrosterone acetate was eluted and crys- 
tallized to yield a sample which melted at 219-221° and had a 
specific activity of 1880 ¢.p.m. per mg. The difference between 
the specific activity of this product and that of the original de- 
hydroisoandrosterone (2760) from which it was derived, can 
be entirely accounted for by the radioactivity in the isoandros- 
terone. 

The @ fraction was divided into seven equal portions and each 
was chromatographed by the gradient elution method. A total 
of 28 mg of androsterone and 46 mg of etiocholanolone was ob- 
tained by this procedure. Both steroids were further purified 
by chromatography on the Skellysolve C-propylene glycol system 
of Savard (15) for 17 hours. After elution from the paper and 
partition between ethyl acetate and water to remove the propy]- 
ene glycol, 21 mg of etiocholanolone and 14 mg of androsterone 
remained. 
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The androsterone contained 62,480 c.p.m. and the calculated 
specific activity was 4220 c.p.m. per mg. It was crystallized from 
Skellysolve B-acetone to yield a sample which melted at 185~-187° 
(corrected) and had a specific activity of 4450 c.p.m. per mg. Its 
infrared spectrum was identical with that of authentic andros- 
terone. Crystallization from methanol gave a second crop which 
had a specific activity of 4780 c.p.m. per mg. The residue in the 
mother liquor had a specific activity (total c.p.m. divided by total 
weight) of 4340 c.p.m per mg. 

The etiocholanolone eluted from paper contained 69,900 c.p.m. 
and its calculated specific activity was 3330 c.p.m. per mg. It 
was crystallized from Skellysolve B to yield a product with m.p. 
of 152-153° (corrected), whose specific activity was 3110 c.p.m. 
per mg. Its infrared spectrum (in CS2) was identical with that 
of authentic etiocholanolone. Recrystallization from methanol- 
ether afforded a sample with a specific activity of 2820 c.p.m. per 
mg. The residue in the mother liquor from the second crystalliza- 
tion had a specific activity of 2770 c.p.m. per mg. 

From the specific activities of these three steroids and from 
their daily excretion (158 mg of dehydroisoandrosterone, 18 mg of 
androsterone, and 26 mg of etiocholanolone), it was possible to 
calculate the percentage of the injected 17a-hydroxypregnenolone 
acetate which was converted to these urinary steroids. Thus 
4.3% of the injected tritiated steroid was converted to urinary 
dehydroisoandrosterone, androsterone and etiocholanolone in the 
48 hours considered. Of the total amount 65% was accounted 
for by dehydroisoandrosterone. 

Metabolic Experiment in Normal Male Subject—Into a 33-year- 
old normal man, 4.45 * 10° c.p.m. of tritiated 17a-hydroxypreg- 
nenolone acetate of specific activity 7.42 x 10° c.p.m. per mg 
(Sample A) were injected intravenously. Urine was collected 
over a period of 4 days and individual 24-hour urine collections 
were hydrolyzed with 6-glucuronidase followed by the solvolysis 
procedure. The neutral extract from each day was chromato- 
graphed by the gradient elution technique, and dehydroisoandros- 
terone, androsterone, and etiocholanolone were isolated. These 
ketosteroids were then chromatographed on paper in the Skelly- 
solve C-propylene glycol system (15) in order to achieve further 
purification. Duplicate aliquots of each 17-ketosteroid eluted 
from the paper were taken for counting, and two additional ali- 
quots were used for quantitative Zimmermann determinations. 
From the specific activities thus obtained, it was calculated that 
the conversion of 17a-hydroxypregnenolone acetate to the three 
urinary 17-ketosteroids was only 0.1% over a period of 4 days. 


DISCUSSION 


The radiochemical homogeneity of the starting material and 
its transformation products was rigorously established because 
the biochemical conversions sought in these experiments occurred 
in only smal] yield. It was necessary to remove from the pre- 
cursor contaminants which also could have given rise to the me- 
tabolites. Thus, special care was taken to ensure the absence of 
even trace amounts of 17-ketosteroids from the sample of 17a- 
hydroxypregnenolone acetate administered. Likewise, it was im- 
portant to establish, by appropriate means, that the radioactivity 
found in the isolated products did not belong to highly radioactive 
trace impurities. 

4% = 2(D-Sp + A-Sa + E-Se) X 100/c.p.m. of injected steroid 
where D, A, and E are the daily excretions of dehydroisoandros- 


terone, androsterone, and etiocholanolone respectively, and Sp, 
Sa, and Sg are the observed specific activities of each. 
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In this study the metabolite isolated (without the addition of 
carrier) was identified as dehydroisoandrosterone on the basis of 
its melting point and infrared spectrum, and by conversion to its 
a-epoxide acetate. The radiochemical homogeneity of the latter 
was proved by purification by crystallization and by paper chro- 
matography. The presence of a constant amount of tritium in 
this derivative limits the possible radioactive contaminants to 
digitonin-precipitable, monohydroxy compounds with one double 
bond, whose chromatographic properties (on Al,O3 and on paper) 
and those of their epoxy acetates are identical with those of de- 
hydroisoandrosterone. Since the likelihood of such contaminants 
being present is small, it is reasonable to assume that the radio- 
activity associated with the isolated dehydroisoandrosterone was 
a true label of that metabolite. The radiochemical purity of the 
isolated androsterone and etiocholanolone was established by re- 
crystallization until samples were obtained which had specific 
activities similar to those of the residues in the filtrates from which 
they arose. 

In the normal subject used in this study, the conversion of 17a- 
hydroxypregnenolone to dehydroisoandrosterone and the other 
17-ketosteroids was not unequivocally established because the 
percentage of conversion (0.1%) was not greater than the maxi- 
mum possible contamination of the starting material by the prod- 
ucts. Assuming that the conversion was significant, the low yield 
by which it was accomplished confirms the previous observations 
that the exogenous administration of a 17a- hydroxy - 20- 
ketosteroid (17a-hydroxyprogesterone (16-18), 17a-hydroxy-A‘- 
pregnene-3,11,20-trione (19), 118,17a-dihydroxy-A‘-pregnene- 
3,20-dione (20, 21), and 3a,17a-dihydroxypregnane-11-20-dione 
(20)) to human subjects results in only negligible increases of 
17-ketosteroids in the urine. 

In the patient with adrenocortical metastases, the conversion of 
17a-hydroxypregnenolone to urinary 17-ketosteroids was 4.3% 
in a 2-day period, 65% of which was accounted for by dehydroiso- 
androsterone. This demonstration provides experimental proof 
of a transformation which had been suggested previously. This 
conversion was first suggested by Hirschmann and Hirschmann 
(22), who isolated 10 mg of 17a-hydroxypregnenolone, 1.3 mg of 
A*-pregnene-38 , 17a, 20a-triol along with 315 mg of dehydroisoan- 
drosterone per liter of urine from a boy with carcinoma of the 
adrenals. After it was demonstrated that the isolated adrenal 
gland can hydroxylate C2 steroids at Ci7 (23), the metabolic 
progenitors of dehydroisoandrosterone were assumed (3) to be 
derived from the A*-36-hydroxy-steroid, cholesterol, by way of 
pregnenolone and 17a-hydroxypregnenolone. Oertel et al. (24) 
have reported that pregnenolone perfused through the isolated 
hind leg of a dog gives rise to increased amounts of dehydroisoan- 
drosterone in the perfusate, as measured colorimetrically. The 
possibility that dehydroisoandrosterone is formed in the normal 
individual by the above pathway is strengthened by Fotherby’s 
recent isolation (25) of A*-pregnene-38,17a,20a-triol from the 
urine of normal men. Support for this contention is also provided 
by the fact that synthesis of Cig steroids (A‘-androstenedione or 
testosterone) may proceed in the adrenals (26), the testes (27), 
and the ovaries (28) by an analogous sequence of reactions, be- 
ginning with progesterone. 

The results reported in this paper may be interpreted to indi- 
cate that the conversion of the C2 steroid to the Cis steroid oc- 
curred in the patient with metastases more efficiently than it did 
in the normal subject because in the former individual there were 
larger quantities of active tissue (tumor) which could effect this 
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cleavage. Consequently, a larger fraction of the administered 
steroid would arrive, in unaltered form, at the steroidogenic tissue 
in the cancer patient and thus would account for the higher per- 
centage of conversion which was observed. This interpretation 
may be sound; however, a formal proof of such an assumption 
would require that the two individuals differed only in this one 
respect, 7.e. the amount of steroidogenic tissue available. This 
obviously is not so, for they differ in at least one other important 
manner, that is, in the amount of circulating dehydroisoandros- 
terone and its sulfate, a factor which alone could influence signifi- 
cantly the disposition of the metabolite. Therefore a rigorous 
statement regarding the site of conversion cannot be made. 

Nevertheless, the results of this investigation do provide evi- 
dence of a probable precursor of dehydroisoandrosterone and sug- 
gest that this important 17-ketosteroid is endogenously produced 
in normal, as well as in diseased subjects, by a sequence of trans- 
formations involving A®*-38-hydroxy compounds: cholesterol 
pregnenolone — 17a-hydroxypregnenolone — dehydroisoandros- 
terone. 


SUMMARY 


After the intravenous administration of the 3-monoacetate of 
tritiated 17a-hydroxypregnenolone to a woman with adrenocorti- 
cal metastases, radioactive dehydroisoandrosterone, androsterone, 
and etiocholanolone were isolated from her urine. The percent- 
age conversion of the starting material to these three 17-keto- 
steroids was found to be 4.3%, of which 65% was accounted for 
by dehydroisoandrosterone. ‘Thus it has been demonstrated that 
17a-hydroxypregnenolone can serve as a precursor in vivo of 
urinary dehydroisoandrosterone and other 11-deoxy-17-ketoster- 
oids. 
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The liver (2, 3) and the kidney (3-5) have been considered to 
be the major organs responsible for cortisol and cortisone me- 
tabolism in the body. Several studies (3, 6-8) have shown that 
although a variety of other tissues metabolize these steroids, the 
metabolism is very small compared to that in the liver and kid- 
ney. Since the methods used in these investigations did not 
take into account losses due to extraction, adsorption to the tis- 
sue, and such metabolic functions as oxidation-reduction at C-11, 
the present investigation was undertaken to study in more detail 
the metabolism in vitro of cortisol! and cortisone by rat dia- 
phragm, heart, leg muscle, brain, thymus, kidney, and various 
sections of the gastrointestinal tract. A second objective was to 
determine the intracellular distribution of the enzyme systems 
responsible for the metabolism of these steroids. 

Among the tissues studied, appreciable metabolism took place 
only in the kidney. Therefore, a detailed study was made of the 
metabolism in vitro of cortisol and cortisone by slices, minces, 
homogenates, and subcellular fractions of this tissue. The me- 
tabolism of these hormones by other tissues was studied only in 
tissue preparations which were not fractionated into subcellular 
particles. 


EXPERIMENTAL 


Unfasted male albino rats of the Sprague-Dawley strain, 
weighing 250 to 300 g and fed Purina dog chow ad libitum were 
used. The rat was stunned by a blow on the head and the 
blood vessels in the neck and the aorta and inferior vena cava 
were cut. The tissues were removed and placed in ice-cold 
Krebs-Ringer-phosphate buffer (9). The stomach and the small 
and large intestines were washed free of their contents with small 
amounts of the buffer. Slices were obtained with a Stadie-Riggs 
microtome (9), and minces were prepared with scissors. For the 
preparation of homogenates minced tissue was homogenized at 
0-4° for 2 minutes with 8 volumes of the buffer in a size C 
Teflon homogenizer (Arthur H. Thomas Company). 


* A preliminary report of this investigation has been presented 
(1). 

t This investigation was supported by grants from the American 
Cancer Society (P-224), the National Institutes of Health (A- 
1698 C), and the James Hudson Brown Memorial Fund of the Yale 
University School of Medicine. 

t James Hudson Brown Fellow. Present address, Department 
of Endocrinology, Medical College of Georgia, Augusta, Georgia. 

§ Established Investigator of the American Heart Association. 

1The terminology used is: cortisol, A‘-pregnene-118,17a,21- 
triol-3 ,20-dione; cortisone, A‘-pregnene-17a, 21-diol-3, 11,20-trione; 
20-dihydrocortisol, A‘-pregnene-118,17a,20,21-tetrol-3-one; 20- 
dihydrocortisone, A‘-pregnene-17a,20,21-triol-3,11-dione. 


One hundred micrograms of steroid dissolved in absolute 
ethanol were added to a 50-ml Erlenmeyer flask and the ethanol 
was evaporated to dryness with a stream of air. One-gram 
equivalents of slices, mince, or homogenate were added to the 
flask, together with various cofactors and enough buffer to make 
a final volume of 10 ml. When TPNH was required, the follow- 
ing compounds were added: 1.25 10-? m MnClz, 6 10? mw 
isocitrate, 10-? m nicotinamide, 2 X 10-*m ATP, 70 units of iso- 
citric dehydrogenase, and 5 X 10-*m TPN. Isocitrate and iso- 
citric dehydrogenase were omitted from the medium when TPN 
was used. Each flask was gassed for 5 minutes with either O:2 or 
Ngo, sealed with Parafilm, and incubated with gentle shaking for 
2 hours in a constant temperature bath at 37.4°. In control 
flasks tissue which had been kept in a boiling water bath for 20 
minutes was added to the steroid. 

Subcellular particles of kidney were prepared in 0.25 m sucrose 
according to the method described by Hogeboom (10) for liver. 
Kidney nuclei were prepared according to the method described 
by Dounce (11). Examination of the nuclear suspension with a 
phase contrast microscope showed that it contained predom- 
inantly nuclei and was only slightly contaminated with cell 
debris and mitochondria. 

TPN, DPN, isocitric dehydrogenase, and the sodium salt of 
isocitric acid were obtained from the Sigma Chemical Company. 
The sodium salt of ATP was obtained from the Pabst Labora- 
tories. 

Extraction of Steroids—All solvents were purified according to 
the methods described by Bush and Willoughby (12). Tissue 
homogenates were extracted twice with 40 ml of ether-ethyl 
acetate (1:1). The extract was washed once with 4 ml of N 
sodium hydroxide and twice with 4 ml of water, dried over so- 
dium sulfate and evaporated to dryness under vacuum at 45°. 
Tissue slices or minces were separated from the incubation me- 
dium and ground three times with 10 ml of the ether-ethy] acetate 
mixture in a mortar and this product was added to the extract 
of the incubation medium and extracted by the above procedure. 

Chromatography—The following solvent systems (13) were 
used: 1, benzene-methanol-water (2:1:1 by volume); 2, ligroin 
(b.p., 100-110°)-benzene-methanol-water (67:33:80:20 by vol- 
ume), and 3, ligroin-methanol-water (100:96:4 by volume). 
The extract was fractionated in System 2 into three fractions 
depending on the polarity of steroids by the method of Bush and 
Willoughby (12), and chromatograms were run on Whatman 
No. 2 paper for 16 hours. System 3 was used for nonpolar ster- 

oids, System 2 for 11-oxygenated Cis steroids, and System 1 for 
ring A-reduced and Ca-reduced Ca steroids. The chromatograms 
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were developed for 4 hours in System 1 in order to separate 
cortisol and cortisone. 

Detection and Estimation of Metabolites—Steroid metabolites 
were detected and estimated with the blue tetrazolium reagent 
for a-ketolic compounds (12,14), sodium hydroxide fluorescence 
for A‘-3-ketosteroids (15,16), and alkaline m-dinitrobenzene 
(Zimmermann’s reagent) for 17-ketosteroids (17). Compounds 
with 17a,20-dihydroxy groups were detected on paper by peri- 
odate oxidation followed by Zimmermann’s reagent, and the 
absence of Cig, 17-hydroxyl steroids was confirmed by chromic 
acid oxidation on paper (18) followed by treatment with Zim- 
mermann’s reagent. 

Quantitative estimation of steroids was made on paper by the 
method of Bush and Willoughby (12), and minute quantities of 
steroids were estimated by the “spot concentration” technique 
of Bush and Mahesh (16). The precision of these methods has 
been discussed earlier (12, 16). 

Identification of Metabolites—A‘-Pregnene-17a, 20, 21 -triol- 
3,11-dione was identified by the following procedure. The 
compound moved 11.5 cm from the origin on Whatman No, 2 
paper when developed for 16 hours in System 1 (tetrahydro- 
cortisol moved 11.3 cm and cortisol 19.5 cm on the same strip); 
it gave a yellow fluorescence with sodium hydroxide, which is 
characteristic of a A‘-3-ketone, and gave no color with blue 
tetrazolium reagent. Its acetate had an Rp value of 0.14 when 
developed for 4 hours in System 2 (Rr of cortisone acetate on the 
same strip was 0.09). On periodate oxidation it gave a com- 
pound which was resistant to further acetylation or chromic acid 
oxidation, and gave a pink-purple color with alkaline m-dinitro- 
benzene characteristic of an 11,17-diketo steroid. It also gave 
a yellow fluorescence with sodium hydroxide and had the same 


mobility in Systems 2 and 3 as a sample of A‘-androstene-3,11,-_ 


17-trione. 

A‘-Pregnene-118 , 17a ,20,21-tetrol-3-one was identified simi- 
larly, except that on oxidation with periodate A‘-androstene- 
118-ol-3 ,17-dione was obtained. 

Cortisol was identified by its mobility in System 1 when de- 
veloped for either 4 or 16 hours, by the mobility of its acetate 
when developed in System 2 for 16 hours, by yellow fluorescence 
with sodium hydroxide, a positive blue tetrazolium reaction, 
failure to yield a 17-ketosteroid when treated with periodate, 
and its oxidation to A*-androstene-118-ol-3,17-dione when 
treated with sodium bismuthate. 

Cortisone was identified similarly, except that on oxidation 
with sodium bismuthate it yielded A‘-androstene-3 , 11 , 17-trione. 


RESULTS 


Metabolism of Cortisol by Various Tissue Minces—The metabo- 
lism in vitro of cortisol was studied first with the use of the rat 
diaphragm, but since the metabolism was very slow the study 
was extended to rat brain, heart, kidney, stomach, large intestine, 
small intestine, leg muscle, and thymus. The results, which are 
presented in Table I, show that there was very little metabolism 
of cortisol by any tissue except the kidney. In none of the tis- 
sues studied, including the kidney, could 17-keto and 17-hydroxy 
C-19 metabolites and ring A-reduced metabolites be detected. 
When extracts of heart, diaphragm, and kidney were chroma- 
tographed in System 1 for 16 hours, very small traces of three 
compounds more polar than A‘-pregnene-116, 17a, 20 ,21-tetrol- 
3-one could be detected by the sodium hydroxide fluorescence 
reaction, but their structure was not determined because only 
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TABLE I 
Metabolism of cortisol in various tissue minces 
One gram of tissue mince was suspended with 100 ug of cortisol 
in 10 ml of Krebs-Ringer-phosphate buffer (10), gassed with oxy- 
gen for 5 minutes, and incubated at 37.4° for 2 hours. All values 
for recovery are uncorrected. 


20-Di- | 20-Dihy- Recovery® 
Tissue hydro- | drocori- Cortisol | Cortisone | Recovery in 
cortisol sone Control 
% % 
Brain® 1.0 ¢ 224.0 0.1 75.0 80.2 
Diaphragm | 2.0 e 68 .0 0.1 70.1 79.8 
Heart 2.3 ¢ 67.5 1.5 71.3 79.1 
Kidney 6.5 12.5 31.0 20.5 70.5 80.5 
Large _in- 217.0 0.2 72.4 
testine® 
Leg muscle’ 0.8 ¢ 212.3 0.1 71.1 78.9 
Small intes-| 214.4 0.1 71.5 79.0 
tine? 
Stomach® ¢ 215.7 71.9 78.5 
Thymus? 1.8 ¢ 66.6 1.8 70.2 


@ Percentage of steroid recovered when incubated with the 
tissue which was first boiled for 20 min. 

’4 g of tissue incubated with 300 ug of cortisol. 

¢ Not detectable. 

Fortified with TPNH-regenerating system: 1.25 K 10-3 m 
MnCl:; 6 X 10-3 o isocitrate; m nicotinamide; 2 X m 
ATP;; 70 units of isocitric dehydrogenase and 5 X 10°‘ m TPN. 


small quantities of metabolites were found. Addition of TPN 
or TPNH did not bring about any significant change in the total 
metabolism of cortisol by any of the tissues studied with the 
exception of the kidney. 

Metabolism of Cortisol and Cortisone by Kidney Slices, Mince, 
and Homogenates—Metabolism of cortisol (oxidation at C-11 and 
reduction at C-20) was greatest in kidney slices, intermediate in 
kidney mince, and least in homogenate (Table II). This vari- 
ation was also observed in heart and diaphragm, although the 
differences were minor compared to those in the kidney. Addi- 
tion of TPNH brought about an increase of the 11-ketone to 
118-hydroxy ratio from 1.8 to 2.7 in kidney slices, 0.9 to 1.4 in 
kidney mince, and 0.3 to 0.4 in kidney homogenate, and the 
20-dihydro to 20-ketone ratio increased from 1.0 to 1.5, 0.4 to 
1.0, and <0.1 to 0.1, respectively, in these preparations (Table 
II). There still remained significant differences between the 
activity of slice, mince, and homogenate as judged by these ra- 
tios, in spite of the addition of TPNH. 

When the metabolism of cortisone (Table II) was studied with 
different kidney preparations, the results were similar to those 
found with cortisol in regard to the relative metabolic activity of 
slices, mince, and homogenate. However, the 20-dihydro to 20- 
ketone ratios for slices, mince, and homogenate were 4.8, 2.0, 
and 0.9 respectively when TPNH was added as compared to 1.5, 
1.0, and 0.1 respectively for cortisol. Moreover, the reduction 


of cortisone at C-11 was much less than the oxidation of cortisol 
at C-11. 

Metabolism of Cortisol and Cortisone by Subcellular Particles of 
Kidney—lIn order to determine the intracellular localization of 
the enzyme systems responsible for oxidation at C-11 and re- 
duction at C-20, the metabolism of cortisol was studied in the 
subcellular particles of the rat kidney. 


The results, which are 
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TABLE II 


Metabolism of cortisol and cortisone by various 
kidney preparations 


Conditions of experiment as in Table I. 


No. of 20-Di- 20-Di- 11- 20-Dihy- 
Preparation experi corti- corte Cortisol dro/20- 
% 
CORTISOL ADDED 
Slice 2 | 9.5 | 22.5 | 14.0 | 19.0 | 65.0; 1.8 1.0 
Slice? 1 | 8.0 | 32.0 | 10.0 | 16.0 | 66.0 | 2.7 1.5 
Mince 2 | 6.5 | 12.5 | 31.0 | 20.5 | 70.5 |: 0.9 0.4 
Mince* 1 | 8.0 | 28.0 | 22.0 | 14.0 | 72.0} 1.4 1.0 
Homog- 2 |0.8] 0.7 | 61.0 | 15.0 | 77.5 | 0.3 | <0.1 
enate 
Homog- 2 |1.8; 4.0 | 53.5 17.0 | 76.3) 0.4 0.1 
enate? 
CORTISONE ADDED 
Slice 1 | 2.4; 36.0 | 1.2 21.0 | 60.6 | 15.8 1.7 
Slice? 1 | 3.2 | 48.0; 1.6); 9.0] 61.8} 11.9 4.8 
Mince 1 | 2.4; 20.0; 1.6) 40.0 | 64.0} 15.0 0.5 
Mince? 1 | 40.0} 2.4] 19.0 | 63.8 | 12.3 2.0 
Homog- 1 3.2} 6.0 | 60.0 | 69.2} 10.5) <0.1 
enate 
Homog- 2 | 2.2} 31.0} 2.3 | 35.0 | 70.5 | 14.7 0.9 
enate? 


* Fortified with TPNH-regenerating system as in Table I. 


presented in Table III, show that oxidation at C-11 occurred 
mainly in the particulate fraction and this increased slightly 
when boiled supernatant was added to it. There was no signif- 
icant difference in the metabolism of cortisol by the nuclear 
fraction, mitochondria, and microsomes when the particles were 
incubated in an atmosphere of either oxygen or nitrogen. Ad- 
dition of TPN to the subcellular fractions brought about a 
marked increase in the oxidation of C-11 in all three fractions. 
Under these conditions, the activity of the nuclear fraction in 
metabolizing cortisol to cortisone was about twice that of micro- 
somes, whereas mitochondria showed very little activity. 

The enzyme system responsible for the oxidation of the 118- 
hydroxy group of cortisol was equally effective with either DPN 
or TPN. 

Table III also presents the data obtained when cortisone was 
incubated with different subcellular particles with or without 
the addition of TPNH. Very slow reduction at C-11 and a 
very rapid reduction at C-20 occurred in the microsomes and 
nuclear fraction, the extent of the reductions being similar in 
both fractions. 

In order to determine what part of the nuclear fraction was 
responsible for its enzymatic activity, nuclei were isolated accord- 
ing to the method of Dounce (11). The nuclei showed approxi- 
mately one-quarter of the activity of the whole nuclear fraction, 
whereas the rest of the fraction, which consists of cell membranes, 
collagen, and a few unbroken cells and mitochondria, had about 
one-half of the activity (Table IV). That the unbroken cells in 
the nuclear fraction probably were not responsible for the en- 
zymatic activity was shown by the following experiment. Rat 
kidneys were homogenized for 1, 2, 3, or 4 minutes, and the nu- 
clear fraction was isolated and incubated in the usual manner. 
Kidneys also were homogenized for the standard 2-minute period, 
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TaBLeE III 
Metabolism of cortisol and cortisone by subcellular 
kidney particles 
Conditions of experiment as in Table I. Subcellular fractions 
obtained from 1 g of tissue were used. 


hydro- hydro- Cortisol] Cotti- Re- 
ments sone covery 
% 
CORTISOL ADDED 
Particles 1 | 0.1] 0.2 | 57.0 | 10.0 | 67.3 
Particles and boiled su- | 1 | 0.3] 0.6] 51.5 | 14.0 | 66.4 
pernatant 
Supernatant 1 |0.9; 1.0] 72.5 | 1.5} 75.9 
Nuclear fraction 1 | 1.5 a 60.0 | 3.0 | 64.5 
Nuclear fraction? 1 | 1.5 61.0 | 1.2 | 63.7 
Nuclear fraction® 2 |0.7] 0.8 | 34.0 | 38.0 | 73.5 
Mitochondria 1 | 0.5 e 68.0 |} 1.5 | 70.0 
Mitochondria? “! 1 @ | 70.5) 0.4] 71.4 
Mitochondria‘ 2 a a 69.0 | 8.0 | 77.0 
Microsomes 1 | 1.0 ad 61.5 | 6.0 | 68.5 
Microsomes? 1 1.5 63.0 | 2.0 | 66.5 
Microsomes* 2 11.5! 1.6] 51.0} 19.0 | 73.1 
CORTISONE ADDED 

Nuclear fraction 1 a 1.0] 0.2 | 81.0 |} 82.2 
Nuclear fraction? 2 | 0.2 | 22.0; 1.6! 49.0 | 72.8 
Mitochondria 1 a a e 84.0 | 84.0 
Mitochondria4 2 a 2.5 | 0.3 | 80.0 | 82.8 
Microsomes 1 a 0.2 | 79.0 | 80.4 
Microsomes? 2 | 0.4] 27.0} 1.2 | 45.5 | 74.1 


* Not detectable. 

> Gassed with nitrogen instead of oxygen. 

¢ Fortified with 1.25 X 10-3 mM MnCl; 107? m nicotinamide; 2 X 
10-4 m ATP and 5 X m TPN. 

¢ Fortified with TPNH regenerating system as in Table I. 


TaBLE IV 
Metabolism of cortisol in rat kidney nuclei, nuclear fraction, 
and nuclear fraction residue after separation of nuclez 
Conditions of experiment as in Table I. Particles obtained 
from 1 g of tissue were used in each incubation. Three experi- 
ments were performed with each fraction. 


20-Di- 20-Di- 11-Keto/ 
hydro- | hydro- | Cortisol | Cortisone | Recovery | 118-Hy- 
cortisol |cortisone droxy 
% 
Nuclei* 0.4 b 64.9 9.0 74.3 0.1 
Cheesecloth 0.6 b 54.4 18.5 73.5 0.3 
residue*: ¢ 
Nuclear frac- | 0.9 b 33.8 37.5 72.2 1.1 
tion? 


@ Fortified with TPN as in Table III. 

> Not detectable. 3 

¢ Obtained by suspending residual tissue on the cheesecloth 
used in the isolation of nuclei (11) in Krebs-Ringer-phosphate 
buffer (9). 


and during washing of the nuclear fraction (usually done with 
two complete strokes of the homogenizer), the nuclear fraction 
was homogenized for 1, 2, 3, or 4 minutes. When the eight 
nuclear fractions were incubated with cortisol according to the 
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standard technique, metabolism of the hormone was virtually 
identical in all of the nuclear fractions. 


DISCUSSION 


The metabolism of cortisol and cortisone by various tissues has 
been studied by the separation of metabolites with paper chro- 
matography and estimation of these metabolites. This method 
has the advantage of taking into account losses due to extraction, 
and also of making it possible to study metabolic functions such 
as oxidation or reduction at C-11, which does not involve the 


destruction of the 20-ketone or A‘-3-keto group. This could not 


be done by the methods used by other workers (3, 6-8). How- 
ever, even with the use of the spot concentration technique of 
Bush and Mahesh (16), we could only be sure of detecting 
metabolites, by methods other than sodium hydroxide fluores- 
cence, which were extractable in quantities of one microgram or 
more. This method therefore does not take into account the 
estimation of smaller quantities of such steroid metabolites. 

The average recovery of cortisol when incubated with boiled 
tissue mince was 79.3%, whereas the average recovery of the 
steroid when incubated with fresh tissue mince was 71.5%. 
The lower recovery from mince could be due either to the forma- 
tion of a large number of very small amounts of unidentified 
metabolites, or to irreversible binding to tissue sites which had 
been denatured by boiling. Furthermore, the low total recovery 
in kidney slices and mince as compared to homogenates could be 
due to lower recovery values of 20-dihydrocortisol and 20-di- 
hydrocortisone as compared to cortisol (see Table IT). 

Metabolism of Cortisol by Various Tissues—The results of the 
present investigation indicate that cortisol and cortisone are 
metabolized either not at all or only to a small extent in the 


brain, diaphragm, heart, gastrointestinal tract, thymus, and — 


skeletal muscle of the rat as compared to the kidney. Schneider 
and Horstmann (3) observed that the capacities of various tissues 
of the rat to metabolize cortisol were in the following descending 
order: liver, kidney, adrenal, diaphragm, heart, and rectus mince. 
Brown et al. (8) found the pituitary to be the most active organ 
in metabolizing cortisol, followed by the adrenal, liver, gastro- 
intestinal tract, kidney, and spleen. Paschkis et al. (6) observed 
that diaphragm and brain were comparable to the liver in the 
metabolism of cortisol, whereas Glenn and Recknagel (7) ob- 
served that no metabolism took place in rat kidney, skeletal 
muscle, gastrointestinal tract, brain, and lungs. Recently Travis 
and Sayers (19) observed a 10% reduction in cortisol at C-20 
when the hormone was perfused through the dog heart-lung 
preparation. In the experiments described in this paper, re- 
duction at C-20 was greatest in the kidney, followed by heart, 
diaphragm, thymus, brain, and leg muscle. No reduction oc- 
curred in the gastrointestinal tract. Furthermore, oxidation at 
C-11 occurred to an appreciable extent only in the kidney, to a 
small extent in the thymus and heart, and in very minor amounts 
in the rbst of the tissues studied. Addition of TPN or TPNH 
produced a 2- to 3-fold increase in the metabolism of cortisol by 
these tissues, with the exception of the kidney which will be dis- 
cussed later. TPNH was used because it has been shown to be 
the pyridine nucleotide required for ring A reduction (20) and 
reduction at C-20 (5) in a number of steroids. 

Metabolism of Cortisol and Cortisone by the Kidney—The me- 
tabolism of steroids has been extensively studied in the kidneys 
of various species (see discussion by De Courcy (5)). In the 
present study A‘-pregnene-116,17a,20,21-tetrol-3-one, A‘-preg- 
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nene-17a@, 20 ,21-triol-3 , 11-dione, and cortisone were isolated as 
metabolites of cortisol in the rat kidney. The orientation of the 
hydroxyl at C-20 was not investigated in view of the earlier 
reported reduction of cortisol (4) and tetrahydrocortisone (5) to 
the 208-hydroxy metabolite by beef and rat kidneys, respectively. 

Oxidation at C-11 in the kidney was the main metabolic trans- 
formation of cortisol in the rat, whereas reduction at C-20 was 
reported to be the main transformation in bovine kidney (4). 
Furthermore, 17-keto- or 17-hydroxy-C-19 and ring A-reduced 
steroids could not be isolated from any tissues studied in the 
present experiments. Ganis ef al. (4), on the other hand, were 
able to isolate A‘-androstene-116-ol-3 ,17-dione and A‘-andros- 
tene-3,11,17-trione in small amounts when cortisol was incu- 
bated with bovine kidney, and West and Samuels (21) observed 
the destruction of the A‘-3-keto group of testosterone when 
incubated with dog kidney but not when incubated with rabbit 
or guinea pig kidneys. The differences may be due to varia- 
tions in the enzyme systems in the different species. 

Cortisone was metabolized by rat kidney to A*-pregnene-11£,- 
17a, 20 ,21-tetrol-3-one, A‘-pregnene-17a@ , 20, 21-triol-3 , 11-dione, 
and cortisol. This is the first time that A*-pregnene-17a, 20, 21- 
triol-3 ,11-dione has been reported to be a metabolite of cortisol 
and cortisone in the rat kidney. The extent of reduction at C-20 
was much greater than that of cortisol. A similar observation 
was made by Schneider and Horstmann (3) and by Glenn et al. 
(22), who measured the loss of Porter-Silber reacting materials 
in rat liver. Reduction at C-11 in cortisone was much less than 
oxidation at C-11 in cortisol, indicating that this enzyme is dif- 
ferent from the 118-dehydrogenase of rat liver (23). The kidney 
enzyme, like the liver enzyme (23), could also use either DPN 
or TPN. 

In the present study, metabolism of cortisol and cortisone was 
greater in kidney, diaphragm, and heart slices than in mince and 
homogenate, homogenate being the least active. A similar ob- 
servation was made by Schneider and Horstmann (3) in slices 
and mince of rat liver and kidney, and they considered this dif- 
ference to be related to disruption of cellular organization. 


Metabolism of Cortisol and Cortisone by Subcellular Particles 
of Kidney 


The distribution of enzyme systems responsible for reduction 
at C-20 in cortisone appeared to be evenly divided between the 
nuclear fraction and microsomes, whereas oxidation at C-11 in 
cortisol was about twice as great in the nuclear fraction as com- 
pared to the microsomes. The activity in mitochondria was 
very small with both cortisol and cortisone. In this connection, 
Recknagel (24) observed that the activity of rat liver C-20-keto 
reductase was mainly associated with the microsomes, whereas 
the nuclear fraction, mitochondria and supernatant had little or 
no activity. Hubener et al. (25), however, reported the enzyme 
to be evenly distributed in all cell fractions. 

In the present study, an attempt was made to isolate kidney 
nuclei in order to determine whether these particles were re- 
sponsible for the enzyme activity found in the nuclear fraction, 
the latter being a mixture of nuclei, cell membranes, nuclear 
membranes, some unbroken cells, a few mitochondria and pos- 
sibly some collagen. When the nuclei were examined by phase 
microscopy, very little, if any, contamination by other cellular 
structures could be detected. Since the mitochondria showed 
very little enzyme activity (see Table III), it is unlikely that 
mitochondrial contamination could be responsible for the ac- 
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tivity of the nuclei. Furthermore, the large amount of enzyme 
activity in the nuclear fraction and the small amount in the mi- 
tochondria (Table III) would also make it unlikely that the 
mitochondria would be responsible for more than a small amount 
of the enzyme activity in the nuclear fraction. It thus would 
appear from the data that although the nuclez were able to me- 
tabolize cortisol to approximately the same extent as mito- 
chondria (compare Tables III and IV), the main activity of the 
nuclear fraction was not due to nuclei or mitochondria but to some 
other cellular structure, possibly cell membranes or collagen. 

The observation that most of the enzyme activity in rat kid- 
ney was associated with the microsomes and the nuclear fraction 
would appear to correlate with several morphological studies of 
these two fractions. From electron microscopic studies of liver 
and pancreatic microsomes, Palade and Siekewitz (26, 27) sug- 
gested that these particles are derived from the endoplasmic 
reticulum. Since the membrane of the endoplasmic reticulum 
is continuous, at least intermittently, with the cell membrane 
and the nuclear membranes (28), it is perhaps not surprising 
that both the microsomes and the nuclear fraction would show 
the majority of the enzyme activity associated with the me- 
tabolism of cortisol and cortisone. 

The presence of the C-11-oxidizing enzyme in the kidney may 
be responsible for the large amounts of 11-keto steroids in the 
urine. A study of the substrate specificity of this enzyme and 
its isolation is in progress. 

SUMMARY 


1. The metabolism of cortisol and cortisone was studied in 
the rat brain, diaphragm, heart, gastrointestinal tract, thymus, 
leg muscle, and kidney. Among the tissues studied, only kidney 
metabolized cortisol and cortisone to an appreciable extent. 
Oxidation at C-11 and reduction at C-20 were the chief metabolic 
transformations in the kidney. 

2. Metabolism of cortisol was greatest in slices, intermediate 
in mince, and least in homogenate in rat kidney, heart, and dia- 
phragm. In the kidney, metabolism of cortisol was increased 
considerably by the addition of reduced triphosphopyridine 
nucleotide, although there still remained significant differences 
between the activity of slice, mince, and homogenate. 

3. Enzyme systems in the rat kidney responsible for reduction 
at C-20 in cortisone appeared to be evenly divided between the 
nuclear fraction and microsomes, whereas oxidation at C-11 in 
cortisol was about twice as great in the nuclear fraction as in 
the microsomes. The activity of mitochondria and supernatant 
was very small in metabolizing cortisol and cortisone. 

4. The enzyme responsible for oxidation at C-11 in cortisol 
was equally effective with either di- or triphosphopyridine nu- 
cleotide. Nuclei showed one-quarter of the activity of the 
whole nuclear fraction, whereas the rest of the nuclear fraction 
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had about one-half of the activity. The high activity of the 
nuclear fraction could not be explained as being due to unbroken 
cells. 
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Deoxycholic acid occurs in varying amounts in the bile of sev- 
eral species (1). In all cases recently studied by isotopic experi- 
ments (2-5) it has been demonstrated that deoxycholic acid is 
not formed primarily in the liver but by the action of intestinal 
microorganisms on cholic acid during the enterohepatic circula- 
tion. The microorganisms responsible for this reaction have not 
yet been isolated. 

A similar reaction, viz. microbiological elimination of the hy- 
droxyl group at C-7 in hyocholic acid (3a,6a,7a-trihydroxy- 
cholanic acid) with formation of hyodeoxycholic acid (8a,6a- 
dihydroxycholanic acid) has been observed in the pig (6). 

Thus there seems to be a general pathway for the metabolism 
of bile acids irrespective of the species, 7.e. the formation of a 
trihydroxycholanic acid in the liver by degradation of cholesterol, 
elimination of the hydroxy] at C-7 of this acid, and in some cases 


hydroxylation by liver enzymes of the deoxycholic acid formed . 


(7a-hydroxylations in the rat (7) and mouse (8) and 16- 
hydroxylation in constrictor and python snakes (5)). Only one 
exception, the guinea pig, has been noted (8). 

Earlier experiments on the mechanism of deoxycholic acid 
formation by means of cholic acid-78-H? ,24-C* demonstrated the 
almost complete retention of tritium in deoxycholic acid formed 
from the doubly labeled cholic acid (9, 10). This fact excluded 
one of the previously suggested pathways, viz. the intermediate 
formation of 7-ketodeoxycholic acid po, 12a-dihydroxy-7-keto- 
cholanic acid) (11) and made it probable that the elimination 
consists of dehydration to an unsaturated intermediate followed 
by reduction or some type of direct elimination. In addition it 
was noted that the tritium retained in deoxycholic acid was lost 
on 7a-hydroxylation in rat liver (9, 10). In view of recent in- 
vestigations (12-15) on the stereochemistry of steroid hydroxyla- 
tions which demonstrated that the hydroxy] is introduced by 
displacement of the hydrogen atom in the position which is hy- 
droxylated and with retention of the other hydrogen in the 
original position this result strongly indicated than an inversion 
of 78-H to 7a-H? occurred in the reactions leading to deoxycholic 
acid. 

By the synthesis of cholic acid-6a ,68 ,88-H? ,24-C™ as well as 
the use of cholic acid-6a-H’, formed from cholesterol-6-H?, it has 
been possible to evaluate more thoroughly the mechanism of the 
dehydroxylation, 7.e. to differentiate between the mechanisms 
proposed above and to give more information concerning the 
stereochemistry of the elimination reaction. 


EXPERIMENTAL 


Preparation of Labeled Compounds 


Cholic Acid-6a,68,8B8-H’—The radioactive compounds syn- 
thesized for determination of the tritium distribution in cholic 
acid-6a@ ,66 ,86-H? or for administration in the experiments in vivo 
were recrystallized to constant specific activity before use. The 
identity of the isolated labeled bile acids was established by co- 
crystallization with authentic material and the derivatives pre- 
pared from these compounds were recrystallized to constant 
specific activity before the H*:C' determinations were made. 

The tritium label was introduced by an exchange reaction of 
methyl-3a,12a-diacetoxy 7-ketocholanate with tritium-labeled 
acetic acid in ether solution containing a catalytic amount of 
[hydrogen] bromide, formed by the addition of bromine. This 
method? has previously been applied to the synthesis of choles- 
terol-7B-H’ by way of 38-acetoxycholestan-6-one-5a ,7a,78-H? 
by Corey and Gregoriou (16). By treating methyl 3a,7a,12a- 
triacetoxycholanate under identical conditions it was established 
that the hydrogen atoms a to the carbonyl group in the side 
chain do not exchange to any appreciable extent under these 
conditions. 

The tritium-labeled diacetoxyketone (1) was reduced With so- 
dium borohydride (9) to methyl 3a, 12a-diacetoxy-7a-hydroxy- 
cholanate-6a@ ,6@ ,88-H* (II) and hydrolyzed to cholic acid-6a, 
68 ,88-H? (III). 

Methyl 3a,12a-Diacetory-7-ketocholanate-Ga ,68 ,8B-H* (I)— 
To a solution of 0.400 g of methyl 3a,12a-diacetoxy-7-keto- 
cholanate (m.p., 118-119°)* (17) in 100 ml of dry ether was 
added 1.0 ml of acetic acid-H* (see below) and 0.01 g of bro- 
mine. The solution was refluxed for 24 hours and then washed 
successively with water, 5% aqueous sodium bicarbonate, and 
water. It was dried over sodium sulfate and evaporated under 
reduced pressure. Crystallization from aqueous methanol 
yielded 0.342 g of I, (m.p., 117-118°); specific activity: 2.8 ye 
per umole. 

Methyl 3a,7a,12a-triacetoxycholanate (m.p., 90—92°), (18) 
0.435 g, was treated under the same conditions as the diacetoxy 
ketone. The specific activity of the isolated product was 1.4 < 
10-7 ue per umole (0.5% of I). 


1 [Hydrogen] is used to represent all isotopes of hydrogen. 

2 The procedure was kindly furnished by Professor E. J. Corey 
before publication. 

2 All m.ps. were determined using an aluminum-block apparatus 
and are uncorrected. 
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Acetic Acid-H* (16)—A break seal tube containing 14 g of 
acetic anhydride was attached to a high vacuum line and 0.2 ml 
of tritiated water (1 curie, A.E.R.E., Harwell, England) diluted 
with 2.3 ml of inactive water was distilled into the acetic anhy- 
dride. The anhydride was hydrolyzed for 2 hours at 50°. The 
acetic acid (3.7 mc per mmole) formed was used without further 
purification. 

Methyl 3a,12a- Diacetory -7a-hydroxycholanate-6a ,68 - H* 
(II)—A solution of 0.300 g of I in 50 ml of methanol was cooled 
in an ice bath and treated with 0.140 g of sodium borohydride. 
The reaction mixture was kept at ice-bath temperature for 15 
minutes and at room temperature for 30 minutes. The solution 
was diluted with water, acidified with 2 n hydrochloric acid, and 
extracted with ether. The ether solution was dried over sodium 
sulfate and evaporated to dryness under reduced pressure. The 
residue was crystallized from aqueous methanol yielding 0.248 g 
of II, m.p., 144-145°. [a]® = +57° + 2° (ec 1.0; Dioxane); 
specific activity: 2.8 wc per umole. 


Calculated: C 69.2, H 9.5 
Found: C 68.7, H 9.2 


Cholic Acid-6a,68 ,88-H* (III) —Methy] 3a, 12a-diacetoxy-7a- 
hydroxycholanate-6a ,68 ,88-H*, 0.190 g, was hydrolyzed with 
20 ml of 2 N aqueous sodium hydroxide for 12 hours at 120°. The 
free acid was extracted from the acidified solution with ether and 
chromatographed on hydrophobic Super-Cel with solvent system 
C. Cholic acid-6a ,66 ,88-H* was crystallized from ethyl acetate 
yielding 0.106 g of III, m.p., 197—198°, undepressed by authentic 
cholic acid; specific activity: 3.0 uc per umole. 

Cholic Acid-24-C“ was prepared according to the method of 
Bergstrém et al. (19); specific activity: 1.8 we per umole. Two 
stock solutions (IV and V) of cholic acid-6a,68 ,86-H#,24-C™ 


TABLE I 
H? and C"* content in cholic acid 6a ,68 ,88-H?* ,24-C'* and in 
derivatives prepared for determination of distribution 
of tritium in labeled cholic acid 


cu 
Compound H?: Cu 
Mean Mean 
/ 
Cholic acid-6a,68,88-H*,24- | 174 60 
(IV)¢ 164 | 169 | 59 | 60 | 2.82 
Methyl 3a-cathyloxy-7a,12a- | 234 78 


dihydroxycholanate (VI) 226 | 230; 80 | 79 | 2.91 | 103 


Methyl 3a-cathyloxy-7-keto- | 228 77 

12a-hydroxycholanate (VII); 222'| 225 78 | 78 | 2.88 | 102 
Cholic acid (VIIT) 258 91 
256 | 257 | 90 | 91 | 2.82 | 100 


3a, 12a-Dihydroxy-7-keto-cho- 5 92 

lanic acid (1X) 2)| 4 95 | 94 | 0.04 1 
3a,12a-Dihydroxy-A’-cholenic; 237 98 

acid (X) 233 | 235; 99 | 99 | 2.37 | 84 


@ Roman numerals refer to the nomenclature (see text). 
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were prepared in acetone. The H’ to C ratios were: IV 2.82 
and V 2.43. 

Cholesterol-6-H*—A sample of the material prepared by Sam- 
uelsson (20) was used; specific activity: 54 uc per mg. 

Cholesterol-4-C™ was purchased from the Radiochemical Centre, 
Amersham, England; specific activity: 50 we per mg. A stock 
solution of cholesterol-6-H*,4-C'* was prepared in benzene. Hi? 
to C* ratio: 0.99. 

Distribution of Tritium in Cholic Acid-6a,6B ,8B-H*—The 
methy] ester of an aliquot of cholic acid-6a,68 ,8G6-H?,24-C™ 
(stock solution IV) was prepared with diazomethane, inactive 
methy] cholate added, and converted into methyl 3a-cathyloxy- 
7a ,12a-dihydroxycholanate-6a ,68 ,88-H?,24-C“ (VI) (m.p., 
177-178°) (21). The H? to C™ ratios of the different derivatives 
are given in Table I. Oxidation of VI with potassium chromate 
in sodium acetate-buffered acetic acid solution afforded methyl 
3a-cathyloxy -7 -keto- 12a-hydroxycholanate - 6a , 68 , 88 - H? , 24- 
C (VII) (m.p., 158-159°) with unchanged H?:C™ value. Alka- 
line hydrolysis of VI and VII (0.4 g of each) with 20 ml of 2 Nn 
aqueous sodium hydroxide at 120° for 12 hours gave cholic acid 
(VIII) and 3a,12a-dihydroxy-7-ketocholanic acid (IX) (m.p., 
197-198°) (22) with a tritium retention of 100 and 1% respec- 
tively, a result that establishes both the stability and the loca- 
tion of tritium in cholic acid-6a ,68 ,86-H?. 

Tritium Content at C-8—The tritium label at C-8 was elimi- 
nated by converting VI into 3a, 12a-dihydroxy-A’-cholenic acid 
(X). The dehydration was carried out essentially as described 


by Reichstein et al. (23). Compound X was isolated from the | 


hydrolyzed reaction product by chromatography with solvent 
system F and crystallized from aqueous methanol, m.p., 210-212°. 
X contained 84% of the original tritium label, 7.e. 16% of the 
total H* is located to 88-position. The low exchange rate of the 
88-hydrogen is in agreement with the preferred direction of enoli- 
zation (24). 

Tritium Content at C-6—The possibility to determine the 
amount of tritium in 6a- and 66-position in cholic acid followed 
from earlier experiments where specific hydroxylations (6a in the 
pig and 6@ in the rat) were applied to elucidate the steric position 
of tritium at C-6 in chenodeoxycholic acid (20). 

As there are no reasons why the distribution of tritium in 
cholic acid-6a ,68 ,88-H* would differ from that in chenodeoxy- 
cholic acid-6a ,68 ,88-H%, prepared under identical conditions, 
the latter acid was used to determine the distribution of tritium 
in 6a- and 66-position. The 88-tritium label in the two acids, 
when determined by separate methods, agreed very well (16 and 
14%, respectively) (25). The details of the preparation of cheno- 
deoxycholic acid-6a ,68 ,88-H*,24-C™ and the results of its 6a- 
and 68-hydroxylation in pig and rat to hyocholic acid (3a,6a, 
7a-trihydroxycholanic acid) and 3a,68,7a- or 3a,68,78-trihy- 
droxycholanic acids are reported in a separate paper (25). Hyo- 
cholic acid retained 56 and 3a ,66 ,7a- and 3a,68 ,76-trihydroxy- 
cholanic acids 59% of the tritium label present in the 
administered chenodeoxycholic acid. Thus, by these methods 
44% of the tritium label is present in 6a-position and 41% in 
68-position; adding to this the 16% in 88-position, as determined 
by dehydration of cholic acid makes a total of 101%. 

Animal Experiments—Rabbits weighing 2 to 3 kg were used. 
The procedure for bile duct cannulation and feeding conditions 
have been described earlier (2). Labeled bile acids were ad- 
ministered to bile duct cannulated rats (26) (Sprague-Dawley 
strain, 200 to 250 g) either by intraperitoneal or intracecal in- 
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jection (4). The injected bile acids are only attacked by the 
liver enzymes in the former case, whereas in the latter case it is 
possible to isolate the pure microbiological transformation prod- 
ucts in the feces and intestine. 

Isolation Procedures and Chromatographic Methods—The bile, 
collected in ethanol, was filtered, evaporated, and hydrolyzed 
with 2 n NaOH for 8 hours at 120° in a sealed tube. The free 
bile acids were extracted with ether after acidification with hy- 
drochloric acid. Feces and intestinal contents were extracted 
by refluxing twice with 80% aqueous ethanol. The extracts were 
evaporated, hydrolyzed, and extracted with ether. The residue 
after evaporation was subjected to a two stage countercurrent 
distribution between equal parts of 70% ethanol and light petro- 
leum. The combined alcohol phases were evaporated and the 
residue was chromatographed. Reversed phase partition chro- 
matography was performed according to the technique worked 
out by Bergstrém, Norman, and Sjévall (27, 28). The following 
solvent systems were used. 


Solvent system Moving phase (ml) Stationary phase (ml) 


C (27) Methanol-water, Chloroform-isooc- 
150: 150 tanol, 15:15 

F (28) Methanol-water, Chloroform-heptane, 
165:135 45:5 


Four milliliters of the stationary phase were supported on 4.5 
g of hydrophobic Super-Cel (Johns Manville, Company); tem- 
perature, 23° (Constant temperature room). 

Radioactivity Assay—H? was counted in an infinitely thin layer 
with a flow counter (Friesecke-Hoepfner FH 51, 1 ue of H? ~ 
6 X 105 ¢.p.m.) and C™ with an end window counter (Friesceke- 
Hoepfner FH 15, 1 we of C4 ~ 1.4 X 105 ¢.p.m.). Samples 
(about 10 mg) for simultaneous determination of H? and C' were 
burned to COz and H.0. The radioactivity of CO: and H.O 
was determined by gas phase counting after conversion of the 
latter to butane (29). Each sample was made in duplicate. 


RESULTS 


Administration of Cholic Acid-6a,68 ,8B-H*,24-C to Rabbits 
and Rats—The acid (2 to 10 mg) was administered to intact rab- 
bits 24 or 60 hours before preparation of the bile fistulas. Cholic 
and deoxycholic acids in the hydrolyzed bile were separated by 
chromatography with solvent system F, and a rough estimate of 
the ratio between the total C'-activity in cholic and deoxycholic 
acids was made. 

The ratio varied considerably in the two groups and no correla- 
tion between this value and the duration of the enterohepatic 
circulation (24 or 60 hours) was found in this limited material 
(cholic acid to deoxycholic acid: 0.07; 0.3; 1.1 (24 hours) and 0.1; 
0.7 (60 hours)). Cholic acid was further purified by chromatog- 
raphy with solvent system C. The tritium and C™ analyses of 
the administered and isolated bile acids are given in Table II. 
Deoxycholic acid retained from 54 to 66 (mean 58) % of the 
tritium label, 7.e. a loss of 42%. Cholic acid also showed a simi- 
lar tritium retention (54 to 61%, mean 57%) irrespective of the 
duration of the enterohepatic circulation (24 to 60 hours) and 
the proportion between the two acids. In a control experiment 
cholic acid 6a,68 ,88-H?,24-C'* was administered to a bile duct 
cannulated rabbit and cholic acid isolated with unchanged H?:C" 
ratio (Table II). Deoxycholic acid is formed from cholic acid 
in the rat intestine, but the deoxycholic acid, after absorption 
from the intestine, is hydroxylated again in the 7a-position to 
cholic acid in the liver of the rat. This reconversion was 
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avoided by injection of labeled cholic acid into the cecum of a 
bile duct cannulated rat followed by isolation of deoxycholic acid 
from the intestine and feces (4). The decrease of H® to C™ ratio 
in deoxycholic acid isolated from the rat was of the same order 
of magnitude as in the rabbit (Table II). No unchanged cholic 
acid could be detected. 

Tritium Content at C-8 in Isolated Deoxycholic Acid—Labeled 
deoxycholic acid, isolated from a rabbit (R 4) after administra- 
tion of cholic acid 6a,66 ,88-H*,24-C™, was 7a-hydroxylated in 
the rat liver to cholic acid. Deoxycholic acid (10 mg every 8 
hours during 2 days) was injected intraperitoneally to bile duct 
cannulated rats and labeled cholic acid was recovered from the 
hydrolyzed bile in 30 to 48% yield. This acid was converted 
into methyl 3a-cathyloxy-7a,12a-dihydroxycholanate (XI) 
which was dehydrated to 3a,12a-dihydroxy-A’-cholenic acid 
(XII). The H*:C™ value (Table II) was not affected by 7a- 
hydroxylation of deoxycholic acid whereas the removal of the 88 
(hydrogen) (3a,12a-dihydroxy-A’-cholenic acid) resulted in a 
decrease of this ratio corresponding to the loss of 19% of the total 
tritium label in the original cholic acid-6a,68 ,8@6-H*,24-C™ 
(stock solution V). This figure when compared with the original 
86-H?-label (16%) excludes that the 88[hydrogen] is involved in 
the elimination of tritium in the step: cholic acid — deoxycholic 
acid. 

From these experiments it is evident that the observed tritium 
loss in the deoxycholic acid formation is caused by elimination of 
tritium at C-6 in cholic acid-6a, 66 ,88-H?’ ,24-C™. 

Stereochemistry of Tritium Elimination at C-6—In an earlier 
investigation on the stereochemistry of the double bond reduc- 
tion of cholesterol (20) it was demonstrated that bile acids syn- 
thesized from cholesterol-6-H*,4-C™ contained the H*-label in 


- 6a-position. Administration of this cholesterol to intact rabbits 


therefore results in the formation of cholic acid-6a-H*,4-C™ in 
the liver followed by elimination of the 7a-hydroxy] group of this 
acid to deoxycholic acid by the intestinal microorganisms. The 
H?:C" analyses (Table III) reveal that the hydroxy! group elimi- 
nation is not accompanied by any loss of the 6a-[hydrogen]. It 
is therefore concluded that the 68-[hydrogen] is removed in the 
deoxycholic acid formation from cholic acid 6a ,68 ,88-H?’ ,24-C™, 

Steric Position of Tritium at C-6 in Deoxycholic Acid Formed 
from Cholic Acid-6a,68 ,88-H*,24-C“—This problem was at- 
tacked by conducting the following reaction sequence and by 
determining the tritium to C™ ratios of the compounds in each 
step. 
Rabbit intestine 

(1) 

Rat liver 


Deoxycholic acid (XV) 


Cholic acid-6a,68,88-H?, 24-C™ (V) 


Deoxycholic acid (XIII) 


Rabbit intestine 


(3) : 


It can be predicted on the basis of the above mentioned experi- 
ments that the 68-[hydrogen] is removed in the first reaction (1) 
whereas no change of the H*:C" value occurs in the second reac- 
tion (2). The position of tritium at C-6 in deoxycholic acid 
(XIII) could therefore be determined by 7a-hydroxylation fol- 
lowed by microbial dehydroxylation (3). Isotope analyses 


Cholic acid (XIV) 


(Table IV) of the compounds in question show that an addi- 
tional loss of 37% of the H*-label (calculation based on cholic 
acid-6a ,66 ,88-H*?,24-C* (V)) occurs in this reaction (3). The 
remaining tritium label (20%) agrees well with the tritium con- 
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TaBLeE II 


H? and C4 content in administered cholic acid 6a,68 ,8B-H?,24-C'4 and in deoxycholic acid and cholic acids 
tsolated from rabbit bile or rat feces 


Mechanism of Deoxycholic Acid Formation 
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Administered 
Compound stock H3; Ci4 H? retained 
solution 
c.p.m./mg c.p.m./mg % 
Administered cholic acid-6a,68,88,H*,24-C' (IV) 174 60 
164 169 59 60 2.82 
Administered cholic acid-6a ,68,88,H*?,24-C' (V) 109 46 
110 110 44 45 2.44 
Deoxycholic acid, isolated from rabbit bile (R1,* 24 IV 315 184 
hours?) 318 317 177 181 1.75 62 
Deoxycholic acid, isolated from rabbit bile (R2, 24 hours) IV 366 198 
374 370 197 198 1.87 66 
Deoxycholic acid, isolated from rabbit bile (R4, 24 hours) V 216 157 
206 211 159 158 1.34 55 
Deoxycholic acid, isolated from rabbit bile (R5, 60 hours) V 155 118 
157 “156 119 119 1.31 bt 
Deoxycholic acid, isolated from rabbit bile (R6, 60 hours) V 160 114 
153 157 117 116 1.35 55 
Cholic acid isolated from rabbit bile (R1, 24 hours) IV 93 63 
94 94 61 62 1.51 o4 
Cholic acid isolated from rabbit bile (R2, 24 hours) IV 180 102 
172 176 102 102 1.72 61 
Cholic acid isolated from rabbit bile (R6, 60 hours) V 90 62 
87 89 66 64 1.39 57 
Deoxycholic acid isolated from rat feces IV 176 103 
179 178 98 101 1.76 63 | 
Deoxycholic acid isolated from rat feces IV 187 121 | 
192 190 122 122 1.56 55 | 
Cholic acid isolated from rabbit bile (R3)¢ IV 284 101 | 
288 286 100 101 2.83 100 | 
Methy] 3a-cathyloxy-7a,12a-dihydroxycholanate (XI)4 169 115 | 
161 165 113 114 1.45 59 
3a ,12a-Dihydroxy-A’-cholenic acid (XII)4 143 145 
146 145 151 148 0.98 40 


@ Rabbit number. 


> Time between administration of labeled cholic acid and cannulation of the bile duct. 


¢ Labeled cholic acid administered 6 hours after cannulation of the bile duct. 


4 These compounds are derived from deoxycholic acid (R4), see ‘‘Results,’’ section 2. 


tent originally observed in 8@-position of V (16%) and 
XIV (19%). Thus when cholic acid-6a ,68 ,88-H’ ,24-C" is de- 
hydroxylated to deoxycholic acid, the 68-[hydrogen] is removed 
and the 6a-[hydrogen] inverted to 68-position. 


DISCUSSION 


The results obtained in earlier investigations (9, 10) on the 
mechanism of deoxycholic acid formation have been discussed in 


the introduction. Administration of cholic acid-6a ,88-H°, 
24-C to rabbits and rats and tritium and C" determination of 
the isolated deoxycholic acid disclosed a decrease of the H* and 
C" ratio, as compared with the administered cholic acid, corre- 
sponding to the amount of tracer originally present in one of 
the [hydrogen] atoms at C-6. 

By previous investigations on the state of oxidation at C-7 
during the elimination combined with the stability of the tritium 
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label under these conditions (see “Experimental’’) it was ex- 
cluded that the decrease of the H*:C value was due to a non- 
specific loss of tritium. The H*:C™ values found after 7a-hy- 
droxylation of isolated deoxycholic acid and dehydration of the 
cholic acid formed to 3a,12a-dihydroxy-A’-cholenic acid clearly 


_ demonstrated that the 88-[hydrogen] is left intact during the 


elimination. The observed decrease of H*?:C in deoxycholic 


_ acid could therefore only be caused by the removal of the 6a- or 


6G-H?-label. 

A means of differentiating between these [hydrogen] atoms 
followed from an earlier investigation in which cholic acid-6a- 
H?, 24-C"4 was made accessible by biosynthesis from cholesterol-6- 
H?,4-C** (20). The complete retention of tritium in deoxycholic 
acid formed from this doubly labeled cholic acid strongly sug- 
gested that the 66-[hydrogen] is eliminated in the deoxycholic 
acid formation. The most plausible explanation for the loss of 
this hydrogen atom during elimination of the hydroxy] group is 
that cholic acid is dehydrated to 3a, 12a-dihydroxy-A*-cholenic 
acid through a diaxial transelimination (Fig. 1). The unsatu- 
rated intermediate is then reduced to deoxycholic acid. Infor- 
mation regarding the stereochemistry of this reduction was al- 
ready obtained with cholic acid-78-H*,24-C™ (9) in which the 
tritium label was inverted when converted into deoxycholic acid. 

By 7a-hydroxylation in the rat of deoxycholic acid, isolated 
from the rabbit after administration of cholic acid-6a,66 ,88- 
H?,24-C™, cholic acid was produced in which only one of the 
positions at C-6 was tritium labeled. Transformation of this 
acid into deoxycholic acid in the rabbit resulted in a decrease of 
the H® to C ratio to a value corresponding to that calculated 
for the total loss of tritium at C-6 and the retention of the original 
86-H?. 

As the 68-[hydrogen] is removed in the dehydroxylation reac- 
tion it is concluded that an inversion of the hydrogen atom also 
occurs at C-6 when the proposed A®*-intermediate is reduced. 
The two new hydrogen atoms which are introduced in this step 
(6a and 78) are trans to each other and both equatorial (Fig. 1). 

In all cases after administration of cholic acid-6a ,68 , 86-H? , 24- 
C4 to rabbits where labeled cholic acid was isolated in sufficient 
amount to determine the H’ to C" ratio, a decrease of this value 
of the same order of magnitude as that found for deoxycholic 
acid was noted. This finding has been interpreted to mean that 
the initial reaction, the dehydration, is reversible and that cholic 
acid with decreased H*:C™ value is formed by rehydration of 
the unsaturated intermediate (Fig. 1). No evidence for the re- 
conversion of deoxycholic acid into cholic acid in the rabbit has 
been obtained (30). 

As only a very small fraction of the hydrogen atoms in the 
labeled positions are replaced by tritium one would expect to find 
a hydrogen isotope effect if the rate-determining step consists 
of the rupture of the C—H bond in 68-position. This question, 
however, should rather be attacked by experiments in vitro and 
although no enrichment of tritium occurred in the isolated cholic 
acid, it is impossible to draw any conclusions regarding the rate- 
determining step. 

In a previous investigation it was shown that C-labeled 7- 
ketodeoxycholic acid is transformed into deoxycholic acid by 
intestinal microorganism in the rat (4) and in the rabbit (9). 
The quantitative importance of this reaction, however, was neg- 
ligible. No reliable information is available regarding the mech- 
anism of this transformation, but a reaction sequence consisting 
of reduction of 7-ketodeoxycholic acid to cholic acid and dehy- 
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TABLE III 
H? and C4 content in administered cholesterol-6-H*,4-C'* and in 
cholic and deoxrycholic acids isolated from rabbit bile 
Labeled cholesterol was administered 24 hours before bile duct 
cannulation. 


H3 cu 
Compound cu | re- 
Mean Mean 
% 
Administered choles- | 194 194 
terol-6-H?,4-C!4 189 192.; 196 | 195 | 0.99 
Cholic acid, isolated 73 72 
from the bile 73 73 72 72 | 1.01 | 102 
Deoxycholic acid, iso- 68 66 
lated from the bile 75 72 66 66 | 1.09; 110 
TABLE IV 


H? and C"* content of cholic and deoxycholic acids at successive 
stages of reaction sequence* 
The experiments are designed to determine the configuration 
of tritium at C-6 in deoxycholic acid formed from cholic acid- 
6a , 68 , 


H3 cu 
Compound H?: cu | H? re- 
Mean Mean 

Cholic acid 6a,68,88- | 109 46 

H?,24-C!4 (V) 110 | 110 44 45 | 2.44 

Deoxycholic acid (XIII)} 284 206 
270 | 277 | 206 | 206 | 1.34) 55 

Cholic acid (XIV) 185 131 
180 | 183 | 133 | 132 | 1.39 | 57 

Deoxycholic acid (XV) 57 109 
49 53 | 110 | 110 | 0.48) 20 


* See ‘‘Results,’’ section 4. 


droxylation of this acid to deoxycholic acid by the mechanism 
described above is supported by recent experiments‘ where the 
reversibility of the 7a-hydroxy dehydrogenation in bacterial 


4Cholic acid-78-H*,24-C'* was incubated in a suspension of 
Escherichia coli type III under conditions known to give 7-keto- 
deoxycholic acid (S. Bergman and A. Norman, manuscript in 
preparation). The isolated 7-ketodeoxycholic acid contained 4% 
and the isolated cholic acid about 50% of the tritium label present 
in the incubated cholic acid-78-H?,24-C". 


| 
| 
2 | 
6 | | 
CH, CH, CH, 
T } T } T | 
CH, CH, CH3 
on Ow r® OH 
H 
2 
| OH OH OH | 
yum | 


366 


suspensions is demonstrated. An epimer of cholic acid, 3a,78, 
12a-trihydroxycholanic acid is also converted into deoxycholic 
acid in the rat intestine (25). However, it is not known if the 
78-hydroxyl group is eliminated directly or if a conversion to 
cholic acid over the 7-ketone first occurs. 


SUMMARY 


1. The preparation and determination of tritium distribution 
of cholic acid 6a ,66 ,88-H*,24-C"™ is described. 

2. During conversion of this acid to deoxycholic acid in the 
rabbit or rat intestine the tritium label in 68-position is elimi- 
nated. The remaining tritium label at C-6, originally in 6a- 
position, is brought into 68-position. i 

3. The proposed mechanism of deoxycholic acid formation 
from cholic acid consists of a diaxial trans elimination of the ele- 
ments of water (68H ,7a-OH) followed by reduction of the A®- 
intermediate. The hydrogen atoms (6a and 7) introduced at 
this stage are equatorial and in trans position. 
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The tritium exchange technique first described by Wilzbach 
(2) has attracted attention among biochemists as a means of 
preparing radioactive compounds which cannot be labeled satis- 
factorily or economically by the usual synthetic techniques. Al- 
though the procedure is quite simple, difficulties may be antici- 
pated in elimination of exchangeable tritium and in establishing 
the radiochemical purity of the labeled compound. Whereas 
the procedure has been applied successfully to a number of com- 
pounds (2-7) and several discussions of possible side reactions 
have been published (6, 8-11), detailed descriptions of the purifi- 
cation of a compound labeled by direct exchange with tritium 
are rare. 

Any purification procedure must, of course, depend upon the 
properties of the compound being isolated; the procedure de- 
scribed here is presented as an example of an isolation technique 
through which demonstrably useful results were obtained. The 
criteria of purity applied to the isolated compound must also 
vary with the compound; extremely rigorous criteria were applied 
because corticosteroids are particularly susceptible to by-product 
formation during tritium exchange and because it was planned 
to use radioactivity as a sole indication of steroid concentration 
in blood and tissues. 

In essence, the Wilzbach procedure consists of exposing the 
compound to be labeled to an atmosphere of pure tritium gas over 
a period of time. During this exposure, radiation from disinte- 
grating tritium nuclei causes the production of “excited and 
ionized organic molecules” (9) which then form labeled products 
by reacting with gaseous tritium. 

In such a process it is apparent that one may expect any of the 
reactions usually associated with ionized organic molecules such 
as inversion of asymmetric carbons or dimerizations. Reduction 
of unconjugated double bonds under such lengthy exposure to a 
hydrogen atmosphere is likely (8). In addition, one must antici- 
pate extensive labeling on hydroxyls, carboxyls, activated alpha- 
carbons, and other easily exchangeable positions (7). Most of 
these reactions would result in the inclusion of tritium in each 
molecule of by-product while many molecules of parent com- 
pound would remain unchanged and unlabeled. The analytical 
problem, then, is one of removing from the moderately labeled 
parent compound a small quantity of very highly labeled carrier- 


* A preliminary report of this work was presented before the 
American Society of Biological Chemists at Atlantic City, New 
Jersey, April 1959 (1). 

+ This work was performed in the Pharmacological Research 
Department, Earl H. Dearborn, Head. 


free by-product which might have physical properties quite simi- 
lar to those of the desired compound. 

Examination of the structure of triamcinolone (9a-fluoro-118, 
16a ,17a-21-tetrahydroxy-1 ,4-pregnadiene-3,20-dione) shows 
that ample opportunity exists for all of the possible types of 
undesirable reactions to occur. There are 2 carbonyls and 2 
carbon-carbon double bonds which might be reduced, 8 of the 27 
hydrogen atoms must be considered easily exchangeable, and the 
ring junctions at C-8 and C-14 are subject to inversion if the 
hydrogens at these positions are replaced. 

This last possibility was of particular concern, since a change 
at these positions might not alter appreciably the physical 
properties of the molecule; any slight effect of an inversion could 
be masked by the considerable effects of the hydroxyls and 
carbonyls. Thus it was quite possible that a very few molecules 
of highly labeled material (1 tritium atom per molecule) be 
carried through the purification procedure with the large quantity 
of moderately labeled triamcinolone (bearing, as can be calculated 
from the specific activity of the final product, 1 tritium atom per 
100,000 triamcinolone molecules). The labeling of triamcinolone 
therefore provides an exceptionally rigorous test of the usefulness 
of the Wilzbach procedure. If satisfactory results could be 
clearly demonstrated with such a complex molecule, then the 
labeling of simpler compounds could be approached with assur- 
ance. 

Countercurrent distribution was chosen as the primary separa- 
tion technique because this procedure is preparative and analyti- 
cal at the same time; information on the purity of the compound 
is obtained at each stage of the purification. In addition, it 
allows considerable opportunity for exchange of labile tritium 
to occur during the long exposure to polar solvents. 


EXPERIMENTAL PROCEDURE 


Trittum Exchange—A sample of 1.4 g of triamcinolone was 
exposed to 2.3 curies of tritium at 0.39 atmosphere, 27°, for 2 
weeks, by the New England Nuclear Corporation of Boston, 
Massachusetts. The specific activity of the crude preparation 
was 270 uc per mg. All radioactivity determinations mentioned 
in this report were performed on a Packard automatic Tri-Carb 
liquid scintillation spectrometer. 

Purtfication of Labeled Steroid—The exchange-labeled steroid 
exhibited three distinct radioactive spots upon paper chroma- 
tography in the benzene-butanol-methanol-water (10:1:3:3) 
system of Peterson et al. (12). After a series of preliminary 
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Fic. 1. First preparative countercurrent distribution of ex- 


change-labeled triamcinolone-H*. Solvent system, n-butanol-ben- 
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Fic. 2. Second preparative countercurrent distribution of ex- 
change-labeled triamcinolone-H*. Solvent system, ethyl ac- 
etate-benzene-methanol-water (3:2:2:3). 700 transfers. 
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Fig. 3. Analytical countercurrent distribution of purified ex- 
change-labeled triamcinolone-H?. Solvent system, ethyl acetate- 
benzene-methanol-water (3:2:2:3). 2000 transfers. 
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examinations of techniques and solvent systems for purification 
of the steroid, the following procedure was evolved. 

Approximately 1.0 g of the labeled steroid was recrystallized 
from isopropanol-water (3:2); in this step a large quantity of 
highly radioactive impurities was removed. The resulting 
crystals were distributed through 400 transfers in the butanol- 
benzene-methanol-water (1:4:2:3) solvent system. The results 
of radioactivity and blue tetrazolium determinations at the 
completion of the countercurrent distribution are shown in Fig. 1. 
Blue tetrazolium determinations were carried out by the proce- 
dure of Recknagel and Litteria (13). The contents of tubes 65 
to 110 were combined, evaporated to dryness under reduced pres- 
sure, and the residue distributed through 700 transfers in the 
ethyl acetate-benzene-methanol-water (3:2:2:3) system. Fig. 
2 presents the results of radioactivity and blue tetrazolium deter- 
minations on aliquots from this distribution. 

The contents of tubes 304 to 356 were pooled and solvents 
removed under reduced pressure. As the solvent volume de- 
creased (and presumably the water concentration increased), 
white crystals formed. When the volume of the solution had 
been reduced to approximately 100 ml, the evaporation was 
interrupted and the crystals separated by filtration. The dried 
weight of these crystals was 248 mg. The material remaining 
in solution exhibited two radioactive areas upon paper chroma- 
tography; it was set aside for further purification. The crystals 
were recrystallized three times from isopropanol-water (3:2); the 
specific activity remained constant through the recrystallizations. 
The final yield was 195 mg of triamcinolone with a specific activ- 
ity of 0.7 uc permg. Thus, the over-all yield was 20% of steroid 
and 0.05% of tritium. 


Criteria of Purity and Authenticity 


1. Paper Chromatography—The purified and _ recrystallized 
steroid was chromatographed for 15 hours in an ethyl acetate- 
chloroform (2:3):formamide Zaffaroni-type system, for 4 hours 
in the butanol-benzene-methanol-water (1:10:3:3) system of 
Peterson et al. (12), and for 15 hours in the butyl acetate-ethylene 
glycol-water (20:1:1) system of Mattox and Lewbart (14). In 
each case, only one spot was detected by ultraviolet absorption, 
blue tetrazolium, and radioactivity. This spot exhibited the 
same mobility as a concurrent authentic triamcinolone standard. 

2. Absorption Spectra—Ultraviolet and infrared absorption 
spectra indicated no significant differences between the tritiated 
triamcinolone and standard unlabeled triamcinolone. The in- 
frared spectrum of the tritiated steroid revealed aspects of each of 
the spectra obtained by Smith and Halwer for Type I and Type II 
triamcinolone polymorphs (15). 

3. Mized Melting Points—Uncorrected melting (decomposi- 
tion) points taken on a Kofler hot-stage microscope gave the 
following results: 


tritium-labeled triamcinolone 261-263° 
standard authentic triamcinolone 262-—263° 
mixture 260-263° 


4. Biological Activity—Bioassay of the purified tritium-labeled 
steroid in adrenalectomized rats indicated activity indistin- 
guishable (both qualitatively and quantitatively) from that ob- 
tained with authentic triamcinolone on the basis of pellet 
granuloma formation, thymus involution, liver glycogen deposi- 
tion, urine volume, and sodium and potassium excretion (16). 
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5. Exchange of Labile Trititum—Of the purified steroid 1.0 mg 
was incubated overnight at room temperature in 20 ml of re- 
distilled absolute methanol. Another 0.5-mg portion was in- 
cubated 1 hour at room temperature in 20 ml of saturated 
aqueous Na2CO3. In both cases aliquots of the solvents re- 
moved by evaporation exhibited no significant differences from 
background determinations made under the same conditions. 

6. Analytical Countercurrent Distribution—The previously dis- 
cussed criteria of purity are not sufficiently sensitive to detect 
the low-concentration, high-radioactivity contaminant discussed 
previously. Therefore, an extensive analytical countercurrent 
distribution was carried out on a 10.85-mg portion of the puri- 
fied and recrystallized steroid. The results of blue tetrazolium, 
radioactivity, and isonicotinic acid hydrazide (according to the 
technique of Smith and Foell (17)) analyses of tube contents 
after 2000 transfers in the ethyl acetate-benzene-methanol-water 
(3:2:2:3) system are presented in Fig. 3. The distribution co- 
efficients of the contents of every tenth tube in the peak were 
determined by measuring the radioactivity of aliquots of the 
separated phases. These coefficients are shown at appropriate 
places on the curve. Craig and Craig (18) have demonstrated 
that such agreement between the experimentally determined 
points and the theoretical curve, coupled with the constancy of 
the distribution coefficients throughout the peak, are strong in- 
dications of a very high degree of purity of the solute. These data 
are given additional significance by the very large number of 
transfers employed. 

Baggett and Engel (19) have pointed out that one of the most 
rigorous criteria of purity in the countercurrent distribution of a 
labeled compound is the constancy of specific activity throughout 
the peak. Consequently the specific activities of the contents 
of every tenth tube in the peak were determined. Steroid con- 
centration was determined by the blue tetrazolium technique, 
since the quantities present were too small to allow determination 
of dried residues with satisfactory accuracy. The results of these 
determinations are presented in Table I. 

7. Metabolic Data—Perhaps the most compelling evidence for 
identifying the labeled compound with triamcinolone was ob- 
tained from the metabolic experiments for which the labeled 
material was prepared. In a series of experiments in which the 
tritiated triamcinolone was injected intravenously in the dog, 
the incompletely characterized metabolite isolated from the 
urine exhibited a specific activity equal to that of the adminis- 
tered triamcinolone, as shown in Table II. 


DISCUSSION 


The most serious problem likely to be encountered in the pur- 
ification of a tritium-exchange labeled compound is the separa- 
tion of a very highly labeled impurity which differs only slightly 
from the parent compound. In the case of triamcinolone, in- 
version at one of the ring-junction carbons might result in such 
an impurity. Such an inversion product, present in very small 
quantities but bearing a large portion of the total label, might 
not be detected by conventional criteria of purity. It seems 
likely, however, that an extended analytical countercurrent dis- 
tribution would indicate any lack of homogeneity, particularly 
when the variation of specific activity with tube number is ex- 
amined. Sheps has subjected the raw data from this counter- 
current distribution to her extensive statistical analysis and 
concurs in our conclusion that the triamcinolone is essentially 
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TABLE I 
Specific activity of tube contents, 2000 transfer analytical 
countercurrent distribution of purified recrystallized 
tritium-exchange labeled triamcinolone 
Solvent system, ethyl acetate - benzene - methanol - water 
(3:2:2:3). 


Tube No. ug of steroid® Net c.p.m.® Specific activity® 
878 5 307 61.3 
888 13 784 60.3 
898 22 1309 59.5 
908 32 1919 60.0 
918 39 2397 61.5 
928 40 2338 58.5 
938 32 1918 59.9 
948 23 1386 60.3 
958 12 739 61.6 
968 5 299 59.8 


¢ Determined by blue tetrazolium reduction. 

> Observed c.p.m. (at 3.8% counting efficiency) less background 
(42 

¢ C.p.m./ug of steroid. 


TaBLeE II 
Spectfic activity of dose and dog urinary metabolite of triamcinolone 


Compound Radioactivity Concentration Specific 


activity 
d.p.m./ml ug/ml d.p.m./ug 
Triamcinolone dose....... 3.2 X 108 4.03 K 10% 795 


Urinary metabolite (paper 


chromatogram eluate)...| 3.34 104 | 40.8® 818 
Urinary metabolite (paper 

chromatogram eluate)...| 3.34 X 104 | 42.5¢ 785 
Metabolite isomer? (paper 

chromatogram eluate)...| 8.21 K | 100.5¢ 817 


* Determined by volumetric dilution of a weighed quantity of 
steroid. 

>’ Determined by blue tetrazolium reduction (13). 

¢ Determined by isonicotinic acid hydrazide coupling (17). 

¢This compound forms from the metabolite upon standing in 
solution in methanol. Preliminary evidence indicates that it is 
formed by the same D-ring rearrangement that gives rise to the 
triamcinolone isomer mentioned by Smith and Halwer (15). 


pure.’ It is highly unlikely that a by-product would be me- 
tabolized by the same pathway as triamcinolone in the dog with 
the resultant excretion of a metabolite of the same specific ac- 
tivity as the parent compound. 

On the basis of the criteria of purity presented here, pure 
tritium-labeled triamcinolone with a specific activity of 0.7 ye 
per mg was obtained by direct exchange of tritium gas with the 
unlabeled steroid. Extensive investigations of purity indicate 
that all of the tritium is firmly attached to triamcinolone mole- 
cules; no easily exchangeable tritium is included in the final 
preparation, and the preparation is physically, chemically, and 
metabolically identical to triamcinolone. Although the specific 
activity is not high, the labeled compound has been quite useful 
in pharmacological and metabolic studies that were not possible 


1 Personal communication from Dr. M. C. Sheps, Harvard Uni- 
versity Medical School. 
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by conventional analytical techniques. A second batch of ex- 
change-labeled triamcinolone, purified by the procedure outline 
in this report, yielded a purified product with a specific activity 
of 4.7 uc permg. In this case, exposure of 1.01 g of triamcinolone 
to 2.5 curies of H*, was carried out at 0.25 atmosphere for 14 
days, with occasional shaking of the tube. 

Some investigators have been reluctant to employ the ex- 
change-labeling technique because of the probability that a 
highly labeled by-product would be formed, making it necessary 
to establish the purity of the labeled product very carefully. It 
should be emphasized that the radiochemical purity of any la- 
beled compound must be equally carefully established, regardless 
of the procedure by which the radioisotope is included. -In addi- 
tion, the techniques developed for the purification of the ex- 
change-labeled compound often find useful application in 
subsequent biochemical and metabolic studies. 

It is apparent from the results presented here that the Wilz- 
bach technique is a satisfactory method for the labeling of com- 
plex steroids, and that countercurrent distribution is a very 
useful technique for the purification of tritium-exchange labeled 
compounds. 


SUMMARY 


Triamcinolone (9a-fluoro-116 ,4- 
pregnadiene-3 ,20-dione) has been labeled successfully by direct 
exchange with tritium gas. The labeled steroid was purified by 
a combination of recrystallizations and countercurrent distribu- 
tions. Radiochemical purity and authenticity were established 
by comparative paper chromatography in three systems, ultra- 
violet and infrared spectra, mixed melting points, bioassay, an 
extensive analytical countercurrent distribution, and a compari- 
son of metabolic pathways with unlabeled authentic triamcino- 
lone. 
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a-Amylases have been obtained in crystalline form from a 
variety of sources covering the animal and vegetable kingdoms. 
A comparative study of their chemical composition seemed par- 
ticularly appropriate, since all these enzymes, catalyzing the 
same chemical reaction, have been shown to possess many com- 
mon features. The amino acid composition of several a-amyl- 
ases has already been described (1-5). The present investiga- 
tion reports on the amino acid analysis of Aspergillus oryzae 
a-amylase, and examines the results in the light of previous ac- 
complishments. 

In contrast to an earlier study of the amino acid content of 
A. oryzae a-amylase (1), the present analysis has been performed 
by ion exchange chromatography by the method of Moore and 
Stein (6), after three periods of hydrolysis ranging from 20 to 
72 hours. The same principle, procedures, and accessory analy- 
ses as those which were applied in this laboratory to the deter- 
mination of the amino acid composition of Bacillus subtilis 
a-amylase (5) were used in this work. All chromatographic 
analyses were duplicated on a separate preparation of crystalline 
enzyme that had been purified in the presence of diisopropyl- 
phosphorofluoridate, a compound known to inhibit many pro- 
teases. 


EXPERIMENTAL 


Material and Methods 


The two preparations of A. oryzae a-amylase used were puri- 
fied from two different batches of ‘‘Clarase 900” obtained from 
the Takamine Laboratories and crystallized four times. The 
protein prepared without DFP! (7) is referred to in this paper 
as Preparation I, and the sample purified in the presence of 
DFP (8) is referred to as Preparation II. Mold amylase, which 
is known to contain a carbohydrate component (1, 9-11), has 
been found to be essentially homogeneous by ultracentrifugal 
analysis, and by electrophoresis (9) when prepared under the 
above conditions. 

Hydrolyses were carried out at 113 + 1° as previously de- 
scribed for B. subtilis amylase (5). Appreciable amounts of 
humin were formed during the hydrolysis, probably due to the 
carbohydrate content of the purified enzyme. Humin was 
removed by centrifugation and the concentration of the clear 
amino acid mixture was determined by micro-Kjeldahl analysis. 


* This study was supported by the Initiative 171 Research Fund 
of the State of Washington, and by a research grant (No. A941) 
from the National Institutes of Health, United States Public 
Health Service. 

1The abbreviation used is: DFP, diisopropylphosphoroflu- 
oridate. 
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The nitrogen content and dry weight of A. oryzae amylase were 
determined in triplicate after removal of small ions by passage 
of a sample of Preparation II through a column of mixed bed 
resin made of Amberlite [R-120 and IRA-400 (5, 12). The 
nitrogen content was 14.86%, in good agreement with the value 
of 14.98% obtained for this amylase by Akabori et al. (1), but 
considerably higher than values of 12.9 and 12.08% obtained 
in earlier studies (9, 10). The extinction coefficient, Ex, is 
19.7 in 0.02 m glycerophosphate, pH 6.0. 

Chromatographic analysis of the amino acids was performed 
according to Moore and Stein (6) on Dowex 50-X8 (250 to 400 
mesh) with a 0.9 = 100 cm column for the acidic and neutral 
amino acids and a 0.9 X 15 cm column for the basic amino 
acids and ammonia. Details of the procedure and the percent- 
age recovery of synthetic amino acid mixtures have been de- 
scribed (5). Recoveries of proline (91.5%) and of methionine 
(93.4%) were somewhat low, and, in view of some inherent error 
in the determination of these amino acids, were not corrected 
upwards. Proline and glutamic acid failed to separate, necessi- 
tating the use of the Chinard method for proline (13, 14). Glu- 
tamic acid was corrected for the contribution of proline, with the 
use of the relative color values as previously given for proline 
at 570 and 490 mu (5). 

Amide nitrogen was not determined directly. An estimation 
of the maximum number of amide groups was made from the 
results obtained for ammonia on the 24-hour hydrolysates by 
correcting for NH; derived from the decomposition of serine 
and threonine (15, 16). 

Cystine and cysteine were determined as cysteic acid after 
performic acid oxidation of the protein for 20 hours at 0° fol- 
lowed by acid hydrolysis (15, 17). Samples of the hydrolysate 
were subjected to high voltage paper electrophoresis (18, 19) in 
order to separate the cysteic acid, which was then quantitatively 
eluted and analyzed by the ninhydrin method (20). The de- 
tails of the procedure and the precision of this method when 
applied to a-chymotrypsinogen of known half-cystine content 
have been described (5). 

Tryptophan was determined by the spectrophotometric 
method of Goodwin and Morton (21) on a sample of the protein 
dissolved in 0.1 N NaOH. The concentrations of both tyrosine 
and tryptophan were calculated from the absorbancies at each 
of four sets of wave lengths, and their agreement determined 
from the standard deviation of the mean, both before and after 
correction for spurious absorption. 

Statistical analysis was applied to the data as previously de- 
scribed (5) to obtain a 95% confidence interval from the stand- 
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TaBLeE I 
Amino acid recoveries from A. oryzae a-amylase 


The results are in terms of grams of amino acid per 100 g of protein. 


Values in parentheses have been omitted from the average. 


Where duplicate or triplicate chromatographic determinations have been made on a single sample hydrolyzed for a given time, the aver- 
age of the aliquot analyses is given. These duplicate analyses have been treated as single determinations in the statistical analysis 


Time of hydrolysis 
Amino acid Preparation I Preparation II Average sz 
24 hours 50 hours 72 hours 20 hours 45 hours 70 hours 

Aspartic acid 15.58° 16.46 15.94 16.52 15.57°¢ 16.40 15.91 0.17 
Threonine 7.78¢ 7.27 6.16 7.69 6.66° 6.91 8.384 

Serine 5.11°¢ 3.90 2.86 5.10 3.61¢ 3.74 6.044 

Glutamic acid ¢ 7.32 8.45 8.22 8.17 7 .93°¢ 8.31 8.09 0.18 
Proline (3.26) 4.19 (2.92) (3.83) 4.17°¢ 4.14 4.22 0.05 
Glycine 5.77 6.05 5.40 5.65 5.32 5.68 0.12 
Alanine 5.76 6.11 5.87 6.32 5.83¢ 6.10 5.92 0.10 
Cystine/2 extensive decomposition’ 

Valine (5.81°) 6.14 5.919 (5.87) 5.889 5.8849 5.94 0.06 
Methionine 2.03 %9 2.34 2.162 2.16 2.12¢ 2.30 2.14 0.04 
Isoleucine 6.18° 6.70 6.31 6.32 6.31¢ 6.56 6.34 0.06 
Leucine 7.50° 8.03 7.59 7.41 7.63 ¢ 7.97 7.64 0.08 
Tyrosine 10.46¢ 9.92 9.32 10.54 10.17¢ 9.96 10.884 

Phenylalanine 3.64¢ 3.95 3.85 4.15 4.26 4.47 3.99 0.12 
Histidine 1.89 1.95 1.91 1.68 1.82 1.70 1.82 0.05 
Lysine 4.62 5.08 4.64 4.80 4.73 4.77 0.08 
Arginine 3.10 3.02 3.07 2.90 2.90 2.84 2.97 0.04 
Ammonia 1.87 2.249 2.45 2.06 2.50 2.87 1.684 


* Standard deviation of the mean. 
>’ Average of 3 determinations. 
¢ Average of 2 determinations. 


4 Values for serine, threonine, tyrosine, and ammonia represent the average for Preparations I and II after separate linear extrapo- 


lation to zero time of hydrolysis. 


No standard deviations of the mean were determined. 


¢ Glutamic acid has been corrected upward for 3% loss during chromatography (6). 
4 For separate determinations of cystine/2 from performic acid-oxidized amylase, see Table II and text. 


9 Possible error of 2 to 5% due to variation in the base-line. 


ard deviation of the mean (sz), with a ¢ value which has n — 1 
degrees of freedom, where n is the number of observations. 


RESULTS AND DISCUSSION 


The analytical data obtained for the different times of hy- 
drolysis extending from 20 to 72 hours, and for each of the two 
preparations, I and II, are presented in Table I. For most of 
the amino acids, separate averages of values for Preparations I 
and II were in good agreement with each other, varying from 
0.2% for lysine to 2.6% for the extrapolated values of tyrosine. 
Of five amino acids for which the results did not agree, the 
values? for threonine, serine, histidine, and arginine were re- 
spectively 5.2, 6.6, 9.4, and 6.0% higher, and for phenylalanine, 
14% lower, in Preparation I than in Preparation II. A stand- 
ard t test on the difference of paired values for the latter three 
amino acids showed a significant difference (¢ > 4.303 for the 
three pairs). Nevertheless, the differences did not appear to 
be great enough to warrant a separate analytical treatment of 
the data, and as a best approximation the averages of all values 
are given in Table I. 

The limits of error for the amino acids, calculated from ts 


2 The differences in % for threonine and serine refer to values 
obtained after separate extrapolation of Preparations I and II to 
zero time of hydrolysis. 


(Table II) range from +2.3% for isoleucine to +7.8% for 
tryptophan. It should be pointed out, however, that these 
rather large variations are calculated on the basis of the severe 
restriction of the 95% confidence interval. These variations 
are larger than those encountered in the amino acid analysis of 
B. subtilis amylase, possibly because in the presence of carbohy- 
drates the destruction of certain amino acids, ¢.g. tryptophan 
and tyrosine, is accelerated during hydrolysis (1, 22). 

Typical elution curves from a 70-hour hydrolysate are given 
in Figs. 1 and 2. The baseline variations lead to the possibility 
of 2 to 5% error in the integration of the areas below certain 
peaks as indicated in Table I. Tryptophan and cystine have 
undergone extensive destruction. Some destruction of methio- 
nine may have occurred also, as indicated by baseline irregulari- 
ties or small peaks emerging just before aspartic acid (12, 23). 
Contamination of the aspartic acid peak by breakdown products 
of methionine such as methionine sulfone has not been ruled 
out, but their contribution should be minor in view of the fact 
that there is approximately 9 times more aspartic acid than 


-methionine. 


Variation in Concentration of Amino Acids as Function of Time 


3 Partial racemization of cystine occurring during acid hydroly- 
sis (15, 24) could account for the diffuseness of the slight residual 
half-cystine hump occurring between alanine and valine. 
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February 1960 E. A. Stein, J. M. Junge, and E. H. Fischer 
TaB_eE II 
Composition and molecular weight of A. oryzae a-amylase 
Amino acid resi- Minimum Calculated No. of residues |Assumed No. 
g (% + tsz)* 
Aspartic acid 15.91 13.76 11.26 837 61.86 + 1.57 62 51,869 
Threonine’ 8.38 7.14 6.63 1417 36.52 37 52,436 
Serine’ 6.04 5.01 ‘ §.42 1740 29.75 30 52,190 
Glutamic acid 8.09 | 7.10 5.18 1819 28.45 + 1.54 28 50,938 
Proline 4.22 | 3.56 3.54 2727 18.98 + 0.65 19 51,810 
Glycine 5.68 | 4.32 7.13 1321 39.18 + 2.07 39 51,512 
Alanine 5.92 4.73 6.26 1504 34.40 + 1.42 34 51,150 
Valine 6.03 5.10 4.85 1944 26.62 + 1.05 27 52,487 
Methionine 2.14 1.88 1.35 6962 7.438 + 0.31 7 48 ,733 
Isoleucine 6.34 5.47 4.55 2069 25.01 + 0.57 25 51,725 
Leucine 7.64 6.59 5.49 1717 30.14 + 0.74 30 51,511 
Tyrosine’ 10.88 9.80 5.66 1665 31.08 31 51,619 
Phenylalanine 3.99 3.56 2.28 4139 12.50 + 0.92 13 53 , 804 
Histidine 1.82 1.61 3.32 8502 .09 + 0.39 6 51,014 
Lysine 4.77 4.18 6.15 3063 16.89 + 0.82 17 52,077 
Arginine 2.97 2.66 6.38 5864 8.83 + 0.33 9 52,772 
Tryptophan? 3.78 3.45 3.49 5403 9.58 + 0.75 | 10 54,033 
Cystine/2 2.09 | 1.77 1.64 5756 8.99 + 0.36 9 51,803 
Ammonia 1.68 | 9.27 50.94 
Total | 93.19" 99.77 | 433 


Mean molecular weight = 51,860; sz; = 270; ts; = 569.7 (41.09%). 
¢ (Molecular weight of amino acid residues X 100)/% of amino acid residues in protein. 


> 51,750/minimal molecular weight. 


¢ The nearest integral number to the calculated number of residues. 
4 Minimal molecular weight X the nearest integral number of residues. 
¢ The value ¢ + ts; represents the limits within which the correct value will lie 95 times out of 100. 


f Average of 2 values obtained by extrapolation to zero time of hydrolysis. 


nine and tyrosine. 


The quantity ¢s; was not determined for serine, threo- 


¢ Calculated from the values given in Table III, after correction for spurious absorption. 


» This value includes 1.58 g of amide residue per 100 g of protein. 


of Hydrolysis—Complete or almost complete liberation of most 
amino acids occurred within 24 hours. As with B. subtilis amyl- 
ase (5) and a-chymotrypsinogen (12), proline is again a possible 
exception with low initial values followed by a rise at 48 hours. 
The average of the four highest values was used for this amino 
acid. 

Both Preparations I and II appeared to show slightly higher 
yields with increasing time of hydrolysis in the case of a few 
amino acids (glutamic acid, methionine, leucine, valine, and 
phenylalanine). However, a calculation of the correlation co- 
efficients showed that this increasing trend could be established 
as significant only in the case of valine (r = 0.70, p < 0.05). 
Accordingly, only in the latter case were the 20 to 24 hour values 
omitted from the average given in Table I. Omission of the 
20 to 24 hour values for the other amino acids would have given 
the following percentage increase in concentrations: 1.6 for glu- 
tamie acid, 3.3 for methionine, 1.68 for leucine, and 3.48 for 
phenylalanine. 

Decomposition with increasing time of hydrolysis occurred in 
the case of five amino acids. In addition to the almost com- 
plete disappearance of half-cystine and tryptophan within 24 
hours, losses occurred in tyrosine, serine, and threonine. The 
concentrations of the latter three amino acids were calculated 
by averaging the values obtained after linear extrapolation to 


zero time (Fig. 3). The apparent destruction factors, expressed 
as percentage loss in the first 24 hours, are 3.9 for tyrosine, 8.9 
for threonine, and 18.4 for serine. For the latter two amino 
acids these factors are approximately 15% greater than those 
obtained for B. subtilis amylase (5), and are considerably larger 
than those found by Rees (16) for the free amino acids or by 
Smith et al. (24) for papain. 

Ammonia was found to increase linearly with increasing time 
of hydrolysis, and the concentration was determined by extrapo- 
lation (Fig. 3). The values were 8.7% lower for Preparation I 
than for Preparation II. The average (1.68 g of NHs per 100 g 
of protein) is in good agreement with the average value for NH; 
(1.73 g) calculated from the ammonia nitrogen concentration 
at 24 hours of hydrolysis, after subtraction of nitrogen derived 
from the decomposition of serine and threonine (16.9% of the 
total ammonia N at 24 hours). This suggests strongly that 
the increase in ammonia with time is for the most part attribut- 
able to decomposition of serine and threonine, and not to de- 
struction of half-cystine and tryptophan (which would have 
contributed an additional 46°% of ammonia if completely de- 
stroyed). These findings are in agreement with similar observa- 
tions made with mixtures of amino acids (16) and proteins such 
as papain (24) and carboxypeptidase (25). Separate amide de- 
terminations on these last two proteins, as well as on ribonu- 


2 
ve, 
r- 
Sis 

or 
se 
re 
of 
- 
in 
y 
n 
d 
t 
n 
lé 


374 


Composition of A. oryzae Amylase 


Vol. 235, No. 2 


NC 


1.4- | 


ABSORB. 


20 60 


140 


100 


TYR: 
ILEU 
VAL | PHE 
MET 
180 220 260 300 340 


pH 3.36, 37.5° 


Fic. 1. Elution curve for a 70-hour hydrolysate of A. oryzae 
a-amylase purified in the presence of DFP. Optical density at 
570 my after treatment with ninhydrin is plotted on the ordinate, 
without correction for baseline absorption. The dashed curve for 


NH3 
3.0- 


ABSORBANCY 


O6- HIS 


ARG 


50 70 90 0 130 150 170 
pil 6.8, PHOSPHATE 6.5, CITRATE 


Fic. 2. Elution curve for the basic amino acids and ammonia 
in a 70-hour hydrolysate of A. oryzae a-amylase. Optical density 
at 570 my in the ninhydrin reaction is plotted on the ordinate for 
each 1-ml effluent fraction, without baseline correction. Hy- 
drolysate from 4.72 mg of protein was put on the column. 


clease (15), were also in agreement with values for ammonia, 
after correction for serine and threonine destruction. Ammonia 
values given in Table II may therefore be tentatively considered 
as a maximum value for amide concentration. 

Determination of Cysteic Acid in Hydrolysates of Performic 


proline gives optical density at 490 mu according to the method of 
Chinard. The numbers of 1-ml fractions eluted are plotted on the 
abscissa. The amount of hydrolysate placed on the column cor- 
responds to 4.72 mg of protein. 


Acid-oxidized Protein—Cystine and cysteine were determined 
as cysteic acid from an acid hydrolysate of performic acid- 
oxidized protein. Seven aliquot samples of the hydrolysate, 
subjected to high voltage paper electrophoresis in order to sepa- 
rate the cysteic acid, gave a mean concentration of 2.09 (sz = 
0.03) g of half-cystine per 100 g of protein. This value has 
been corrected upward for 10% loss occurring during treatment 
of the protein (17, 12). 

Spectrophotometric Determination of Tryptophan and Tyrosine 
—The results of tryptophan and tyrosine determination by the 
method of Goodwin and Morton (21) are given in Table III. 
In order to show the magnitude of the spurious absorption, the 
corrected and uncorrected concentrations are included in the 
table. The correction proposed for spurious absorption (21) 
appears to be useful in this instance, as seen by the large de- 
crease in standard deviation of the mean obtained for both 
tyrosine and tryptophan. However, even after correction, the 
limits of error for tryptophan remained appreciable. This, 
together with the fact that in a similar analysis of tyrosine and 
tryptophan in B. subtilis amylase, more consistent results were 
obtained with the uncorrected values (5), indicates that the 
assumption that a linear increase in irrelevant absorption occurs 
with decreasing wave length may not always be valid. The 
tyrosine values obtained by this method are in fair agreement 
with the values obtained by chromatographic analysis (Table 
II) both in the present study and in the analysis of B. subtilis 
amylase, constituting a further indication of the general relia- 
bility of the method. 

General Considerations—Total recoveries given in Table Il 
show that although nitrogen has been accounted for quantita- 
tively, the amino acid residues account for only 93.2% of the 
weight of A. oryzae amylase including amide groups. This low 
recovery is due in part to the presence of nonprotein constituents 
in the enzyme. If one includes 2.75% of carbohydrate, as re 
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Fic. 3. Recovery of serine, threonine, and ammonia as a function of time of hydrolysis of amylase, Preparation I (without 
DFP), @——®, and II (with DFP), O---O. The straight lines represent the best fit to the data according to the method of 


least squares. 


TaBLeE III 
Tyrosine and tryptophan content of A. oryzae a-amylase determined by spectrophotometric analysis 


The values were calculated from the intensities of absorption of tyrosine and tryptophan (a) at the point of intersection, 295 my, 
and (b) at each of the four other specified wave lengths. The concentrations are given both before and after correction for spurious 


absorption according to Goodwin and Morton (21). 


Tyrosine Tryptophan 
Wave length other No. of residues per No. of residues per 
than the Amino acid per 100 g protein molecule molecular Amino acid per 100 g protein molecule molecular 
intersection weight = 51,750 weight = 51,750 
Uncorrected Corrected Corrected Uncorrected Corrected Corrected 
my g g g g 
275 11.35 10.18 29 .09 4.94 4.03 10.22 
280 11.79 10.41 29.74 4.44 3.78 9.57 
285 12.15 10.58 30.21 4.05 3.59 9.09 
290 12.28 10.46 29 .87 3.89 3.72 9.43 
Mean + ¢sz 11.90 + 0.66 10.41 + 0.26 29.73 + 0.75 4.33 + 0.74 3.78 + 0.30 9.58 + 0.75 
8: 0.21 0.08 0.23 0.09 


ported by Akabori et al. (1), and at least 1 gram-atom of Ca per 
mole (26, 27), a total weight recovery of 96.0% would be ob- 
tained. 

Large discrepancies exist for several amino acids between the 
results obtained here and those previously reported by Akabori 
et al. (1). Maximum differences appear in the values for threo- 
nine and lysine, which were approximately 25% lower, and in 
the values for serine and half-cystine, which were approximately 
25% higher than those reported by the above authors. These 
discrepancies might result from the fact that Akabori et al. (1) 
used (a) a different strain of A. oryzae as a source of enzyme, 
(b) greatly different purification procedures, and (c) different 
analytical methods involving starch and Amberlite IR-120 
columns after acid hydrolysis at 100° for only one period of time 
(24 hours), as well as colorimetric and enzymatic determina- 
tions for a number of amino acids. 


Number of Amino Acid Residues in Amylase Molecule—The 
minimum molecular weights determined for each amino acid 
from the analytical data (28, 29) are given in Table II. A value 
of 51,000 for the molecular weight of A. oryzae amylase has been 
obtained by sedimentation, diffusion, and partial specific volume 
measurements (30), and of 52,500 from end-group analyses (31). 
These two values were both taken into consideration as assumed 
molecular weights for the calculation of the number of residues 
per molecule of amylase. However, it was found that the inter- 
mediate value of 51,750 better fitted the data. This latter 
assumed molecular weight is consistent with an integral number 
of residues for a majority of the amino acids, as can be seen in 
Table II. Those not lying close to an integral number of resi- 
dues are phenylalanine, tryptophan, methionine, threonine, and 
glutamic acid, the latter two with more than 25 residues. 

Only one possible integer lies exactly within the calculated 
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TABLE IV 
Comparison of side chains in a-amylases from various sources 


The results* are given in numbers of residues per 105 grams of protein. 


The end-groups are not included in this table. 


a-Amylase from 
Type of group, Amino acid 
A. oryzae B. subtlis Hog pancreas Human saliva 
I. Ionizable side chains 
A. Cationic 
Guanido, arginine 17 35 33 50 
e-Amino, lysine 33 51 34 43 
Imidazole, histidine 12 25 25 21 
Total cationic side chains 62 111 92 114 
B. Anionic 
Carboxyl,° aspartic + glutamic acid 75 O4 86 114 
II. Hydrophilic side chains 
A. Amide,°® asparagine + glutamine 99 103 94 96 
Total carboxyl + amide groups 174 197 180 210 
| iat serine 58 49 39 74 
B. Hydroxyl P threonine 71 47 33 38 
aromatic, tyrosine‘ 60 49 29 30 
Total hydroxylic groups 189 145 101 142 
Total nonhydrophobic groups 425 453 373 466 
III. Hydrophobic side chains 
Hydrogen, glycine 75 80 89 91 
alanine 66 60 77 50 
Paraffin valine 52 51 67 59 
leucine 58 47 \ss 44 
zsoleucine 48 35 44 
Pyrrolidine, proline 7 29 31 31 
aie phenylalanine 25 37 61 44 
tryptophan 19 31 33 35 
half -cystine4 17 0 19 36 
Total hydrophobic groups 411 380 479 450 
Total number of amino acid residues per 100,000 g pro- 
tein 836 833 852 916¢ 


*¢ Calculated from the data for B. subtilis (5), for hog pancreas (2), and for human saliva amylases (3). 
6 Except in the case of hog pancreas amylase, amide values are rough estimates from corrected ammonia determinations. 


¢ For convenience, tyrosine has been classified as nonionizable. 


4 Cysteine and cystine are reported as half-cystine, and classified as nonionizable. 
¢ This comparatively high value is probably due to a reported recovery of 103% of amino acid residues, as compared to 93 to 95% 


for the other amylases. 


limits of error of the 95% confidence interval for five amino 
acids: isoleucine, leucine, histidine, lysine, and half-cystine, all 
of which also have values lying close to an integral number of 
residues. These five amino acids yield an average calculated 
molecular weight of 51,626 (s; = 178; ts; = 494; + 0.96%). 
In the instances of proline and arginine, the recoveries of which 
also yield a single integer within the limits of error, it should be 
pointed out that considerable external bias (5) was observed.‘ 
Amino Acid Side Chains in A. oryzae Amylase—A comparative 
study of the properties of a-amylases of mammalian, bacterial, 
fungal, and vegetable origin has indicated that these enzymes, 


‘If one takes into consideration both the uncertainties result- 
ing from increasing trends with time of hydrolysis, and differences 
between Preparations I and II, the following amino acids could 
yield more than one assumed number of residues: threonine, 35 to 
37; serine, 29 to 31; glutamic acid, 28 to 29; methionine, 7 to 8; 
phenylalanine, 12 to 13; and arginine, 9 to 10. 


catalyzing the same chemical reaction, possess many common 
features. They are all water-soluble proteins of molecular 
weight about 50,000. When compared to proteins in general 
(32), a-amylases appear to be rich in tyrosine and tryptophan 
(see Table IV), which accounts for their rather high extinction 
coefficient at 280 mu. No organic prosthetic groups have been 
found in their molecules. They all contain at least one gram- 
atom of calcium per mole (26, 27) and their turnover number is 
of the same order of magnitude. On the other hand, striking 
dissimilarities have been observed. Contrary to all other 
a-amylases so far investigated, bacterial amylase contains no 
sulfhydryl groups nor disulfide linkages (4, 5), and normally 
exists as a dimer in which the two moieties are linked by an 
atom of zinc (26, 33, 34). A. oryzae amylase, which has been 


shown to possess a single NH--terminal alanyl residue (31) and 
three COOH-terminal amino acids, namely serine, glycine, and 
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Fig. 4. Absorption spectra of a-amylases. Each protein was 
dissolved in 0.01 m Na-glycerophosphate-HCl buffer, pH 5.9, at a 
concentration of 0.285 mg per ml. The spectra were determined 
in a Beckman DK-1 recording spectrophotometer. 


alanine (35), is distinguished from the other amylases by the 
following features: (a) lower nitrogen content (14.86%); (6) 
lower isoelectric (9) or isoionic points;® (c) a much greater solu- 
bility at neutrality; and (d) an extremely high resistance to- 
wards proteolysis (8). 

Table IV gives a tentative classification of the side chains 
present in A. oryzae a-amylase and compares them to those of 
other a-amylases. It can be seen that the mold amylase is 
poor in basic amino acids, containing only half as much arginine 
and histidine as bacterial and mammalian amylases. This 
certainly contributes to its acidic character. It is also poor in 
phenylalanine and tryptophan. On the other hand it is rich 
in proline, tyrosine, and threonine, containing more than twice 
as many of the latter two amino acids as hog pancreas a-amy!l- 
ase. 

The approximate proportions of the aromatic chromophores, 
tryptophan to tyrosine to phenylalanine, are 1:3.2:1.3 for mold 
amylase as compared to 1:1.6:1.2 for bacterial amylase, 1:0.9: 
1.8 for hog amylase, and 1:0.9:1.3 for saliva amylase, account- 
ing for the rather characteristic absorption spectrum observed 
for A. oryzae amylase (Fig. 4). 

Tyrosine and the other hydroxy amino acids, as well as dicar- 
boxylic acids and their amides, are especially apt to form intra- 


§ An isoionic point of pH 4.2 was obtained in the absence of 
salts from a 0.1 to 0.2% protein solution, electrodialyzed for 6 
hours at 5°, 400 volts, and 5 to 10 ma, as compared to 5.2 for B. 
subtilis a-amylase and 5.4 to 6.0 for human saliva amylase. 
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molecular hydrogen bonds (32, 36). The high proportion of 
these amino acids found in A. oryzae a-amylase might account 
for the binding of the polysaccharide accompanying this pro- 
tein. Moreover, it probably confers to the molecule a particu- 
larly compact structure. This is supported by the low levoro- 
tation (27, 37) and partial specific volume (30) found for this 
enzyme; its extremely firm binding of calcium (26, 27) and re- 
markable resistance to pH variations, temperature, and proteol- 
ysis (8). 


SUMMARY 


The amino acid composition of two preparations of Asper- 
gillus oryzae a-amylase has been determined by chromatography 
on columns of Dowex 50-X8. Separate determinations have 
been made for tyrosine and tryptophan by spectrophotometric 
analysis, and for half-cystine by high voltage paper electro- 
phoresis after oxidation to cysteic acid. An assessment of the 
extent of variation has been made by determination of a 95% 
confidence interval from the standard deviation of the mean. 

From these analyses the best estimate for the amino acid 
residues of A. oryzae a-amylase (assuming a molecular weight of 
51,750) is as follows: aspartic acid, 62; glycine, 39; threonine, 
37; alanine, 34; tyrosine, 31; leucine, 30; serine, 30; glutamic 
acid, 28; valine, 27; isoleucine, 25; proline, 19; lysine, 17; phen- 
ylalanine, 13; tryptophan, 10; half-cystine, 9; arginine, 9; me- 
thionine, 7; histidine, 6. 

The properties of A. oryzae a-amylase have been discussed 
in the light of its amino acid composition and compared to that 
of other a-amylases. 
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The Effect of Guanidine Hydrochloride 
on Crystalline Pepsin*} 
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In a previous communication, it was shown that on prolonged 
exposure to urea at temperatures above 20° pepsin is irreversibly 
inactivated (1). The loss of activity is most marked in the pH 
range of 4.6 to 5.6 and is always accompanied by the formation 
of nonprotein material that originates from autodigestion of the 
protein. | 

Since urea is known to affect the secondary structure of pro- 
teins by rupturing hydrogen bonds, our studies have been ex- 
tended to an investigation of the effect on pepsin of another 
reagent with similar properties, namely guanidine hydrochloride. 
Although high concentrations of this reagent cause an irreversible 
loss of the proteolytic activity, its effects on the protein differ 
somewhat from those of urea and will, therefore, be presented 


in this report. 
EXPERIMENTAL 


Materials and Methods—In most of the experiments, samples 
of Worthington crystalline pepsin, Lot No. 629, with a nitrogen 
content of 14.9% and a molar extinction coefficient, € = 51.7 x 
103 at A 278 my, per molecular weight of 35,000, were dissolved 
in guanidine hydrochloride solutions of the desired pH to give a 
final protein concentration of 1%. The concentration of guani- 
dine hydrochloride, twice recrystallized from absolute methanol, 
was varied from 2.0 mM to 6.0 m. In the pH range of 3.6 to 5.6, 
the salt was dissolved in 0.1 N acetate buffers; at more alkaline 
values, 0.066 m phosphate buffers served as solvents, whereas 
hydrochloric acid was used in the acid pH range. pH measure- 
ments were made with a MacInnes type glass electrode (2) and 
no attempt was made to correct the observed pH values for the 
effects of guanidine hydrochloride. 

Experimental Procedure—The pepsin solutions were placed in 
a water bath regulated at 37, 30, or 25°, and portions were with- 
drawn at the desired time interval. One aliquot was assayed 
for enzyme activity with the aid of the hemoglobin method (3) 
and the activity was compared with that of pepsin samples in 
guanidine hydrochloride-free solutions or with samples in which 
the guanidine salt had been replaced by sodium chloride. In all 
of the experiments, the specific activity was expressed as optical 
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density per minute/protein nitrogen and the factor of 6.70 was 
used for conversion of dry weight to nitrogen. The first order 
reaction constants of inactivation, k, are then derived from the 
slope of the line obtained by plotting the logarithm of the residual 
specific activity against time. 

A second aliquot of each mixture was deproteinized by the 
addition of an equal volume of 20% trichloroacetic acid. After 
immersion in a boiling water bath for 6 minutes, the protein 
precipitate was removed by filtration, and the amount of non- 
protein material was estimated from the optical density, at 276 
muy, of the filtrate. 

Viscosity—Specific viscosities were measured at 25° + 0.01° 
in an Oswald type viscometer with a flow time for water of 
approximately 87 seconds. Viscosities of each pepsin solution 
were obtained at four different protein concentrations in the range 
of 0.4 to 2% and used to compute the intrinsic viscosities. 


RESULTS 


Effect of Concentration of Guanidine Hydrochloride and Tem- 
perature on Activity of Pepsin—Fig. 1 shows the effect of guani- 
dine at pH 3.4 and 37° on the activity of pepsin. It is apparent 
that the engyme in 3.0 m guanidine hydrochloride is only slowly 
inactivated: However, an appreciable loss of activity occurs if 
the concentration of the salt is raised to 5.0 m. In 6.0 m guani- 
dine almost complete inactivation has taken place after 30 
minutes of contact with the reagent. The loss of activity was 
the same whether the enzymic assay was conducted in the 
presence or absence of the reagent and is independent of the 
protein concentration when the latter was varied from 0.5 to 
2.5%. 

In a second series of experiments, a concentration of 4.0 Mm 
guanidine hydrochloride, pH 3.4, was maintained but the tem- 
perature was lowered from 37° to 30° and 25°, respectively. The 
rate of inactivation decreased considerably. Thus at 37°, the 
first order rate constant, k, is 1.53 *& 10-%, at 30°, k is 3.06 x 10-4 
whereas it decreases to 1.50 K 10-4 & min™ at 25°. 

From these results it can be concluded that, as in the case of 
urea, the inactivation of pepsin in the presence of guanidine salts 
is irreversible and is a function of the concentration of the rea- 
gent, and of the temperature. 

Effect of pH—In an attempt to determine whether the proteo- 
lytic activity of pepsin is affected by the pH of the solvent, 
activity measurements were carried out after the protein was 
exposed to 3.0 and 4.0 m guanidine hydrochloride solutions of 
various pH values and were compared with the rate of proteolysis 
of hemoglobin that occurs in aqueous solutions in the pH range 
of 1.0 to 6.5. As illustrated with the aid of Fig. 2, the rate of 
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Fic. 1. Dependence of pepsin activity on time of exposure to 
guanidine hydrochloride at 37°. 
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Fic. 2. Rate of inactivation of pepsin at 37° as a function of 
pH. 


inactivation in 3.0 m guanidine hydrochloride in the pH range of 
3.0 to 3.5 is low and it is only slightly higher than in the buffer. 
In the more acid solution, the enzymic activity of pepsin, how- 
ever, is lost more rapidly if guanidine hydrochloride is present 
in the reaction mixture. Moreover, replacement of guanidine 
hydrochloride by sodium chloride reveals clearly that we are 
dealing with an effect specific for guanidinium ion and not one 
caused by high concentrations of a neutral salt, such as sodium 
chloride. 

A result of special interest emerges from Fig. 2. Pepsin in the 
presence of 3.0 and 4.0 m guanidinium ion is rapidly inactivated 
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in the pH range of 4.0 to 5.0 which is the range of maximum 
stability of the enzyme in acetate buffers. It thus seems that the 
zone of spontaneous inactivation of the enzyme, namely at pH 
values more alkaline than 6.0 (4), is shifted to a more acid pH if 
guanidine salts are present in the reaction mixture. In the case 
described here, this displacement corresponds to 1.6 pH units. 
This finding agrees well with that found by Edelhoch (5) who 
observed a similar shift for pepsin in guanidine hydrochloride 
below 1.6 m. One should keep in mind, however, that the pH 
of concentrated guanidine hydrochloride solutions is not strictly 
comparable with the values measured in aqueous buffers and, 
therefore, cannot be reduced to a common scale. 

Effect of Guanidine Salts on Autodigestion of Pepsin—As 
previously reported, exposure of pepsin to concentrated urea 
solutions produces a marked increase in the solubility of the 
protein in hot 10% trichloroacetic acid. Since the amount of 
nonprotein material formed was influenced by the pH of the 
solution, it was attributed to an enzyme-catalyzed autolysis. 

Similarly to its behavior in urea, the loss of peptic activity in 
guanidine hydrochloride solution is also accompanied by the 
formation of low molecular weight peptides which are soluble 
in 10% trichloroacetic acid and are dialyzable. In Table I are 
presented the results of experiments in which the activity of 
pepsin was measured and compared to the amount of nonprotein 
material formed after the protein was exposed to 3.0 and 4.0 m 
guanidine hydrochloride at 37° for 1 hour. 

It is apparent from the results given in Table I that the rate 
of formation of trichloroacetic acid-soluble material parallels 
the rate of inactivation in the pH range of 1.0 to 4.4. However, 
after exposure to the reagent for extended periods the loss of 
enzymic activity exceeds somewhat the formation of low molecu- 
lar weight peptides. A further point of interest is that at pH 
values above pH 5.0 where pepsin is inactivated rapidly, only 
little nonprotein material is formed (see Fig. 3). 

Effect of Guanidine Hydrochloride on Other Properties of Pep- 
sin—Having thus demonstrated that pepsin is inactivated if 
exposed to concentrated guanidine solutions at temperatures 
above 25°, the intrinsic viscosity of the protein in the presence of 
this reagent was determined. The results of these measurements 


TABLE I 


Effect of guanidine hydrochloride on activity of pepsin and on 
formation of trichloroacetic acid-soluble material as 
function of pH 


Kach reaction mixture was kept at 37° for 1 hour. 


3.0 m Guanidine hydrochloride 4.0 m Guanidine hydrochloride 
Trichloroacetic Trichloroacetic 
Inactivation acid-soluble Inactivation acid-soluble 
material material 
% %o %o % 
1.2 55 45 100T not measured 
2.0 10 19 83 62 
2.4 14 15 
3.1 1 3 9 14 
3.5 1 3 9 6 
4.1 25 27 
4.4 iv) 7 63 60 
5.0 100f 49 


* Apparent pH. 


t Complete inactivation after 30 minutes. 
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are given in Table II which also lists those on the optical rotatory 
properties of the protein reported elsewhere (6 ,7).!_ Inspection 
of Table II reveals that the intrinsic viscosity, [y], changes from 
3.09 to 3.54 (g/ml)- if the guanidine hydrochloride concentration 
is raised to 3.0 m. This increase is independent of pH and can 
be taken as an indication that a small change of shape of the pep- 
sin molecule may have occurred without affecting the enzymic 
activity and the optical rotatory properties. 


DISCUSSION 


In this communication it has been shown that the enzymic 
activity of pepsin in concentrated guanidine hydrochloride solu- 
tions depends on a variety of factors, such as concentration of 
guanidinium ion, pH, temperature, and time of exposure to the 
reagent. Thus, in 3.0 m guanidine hydrochloride of pH 3.0 to 
4.0 at 25° pepsin is as active as in guanidine-free buffers of the 
same pH. Moreover, the optical rotatory properties remain 
unchanged and only a small increase of the intrinsic viscosity 
occurs. On prolonged exposure to the reagent, however, or at 
temperatures above 25°, the enzyme is irreversibly inactivated, 
and in the pH range of 1.0 to 4.4 the loss of activity is accom- 
panied by the appearance of low molecular weight peptides which 
are a result of the autodigestion of the protein. Pepsin, there- 
fore, differs in its behavior from that of other enzymes, such as 
ribonuclease, trypsin, chymotrypsin, and papain (8-13). With 
these proteins, as judged by changes of the optical rotatory 
properties and of the intrinsic viscosity, high concentrations of 
urea and guanidine salts bring about an alteration of the second- 
ary structure and their catalytic activity is impaired. Since in 
the case of pepsin, little effect on the above mentioned properties 
has been observed, one has to conclude that the folding of this 
protein differs markedly from that of the other enzymes and that 
the bonds that maintain the configuration essential for the 
biological activity of pepsin are not affected. 

From the evidence presented here three points become readily 
apparent which will be discussed with the aid of Fig. 3 in which 
also recent results obtained with 8.0 m urea are included: (a) 
The range of maximum stability of pepsin which in aqueous 
solvents extends over a wide pH range, is narrowed to pH 3.0 to 
3.5 in 4.0 m guanidine hydrochloride and to pH 3.3 to 4.3 in 8.0 M 
urea, respectively; (6) Although denaturation of pepsin at ex- 
treme acid pH values, 7.e. 1.5 has been reported by Northrop 
(14), the loss of activity in the presence of hydrogen bond- 
breaking reagents already proceeds rapidly below pH 3.0, and 
the formation of low molecular weight peptides closely parallels 
the rate of inactivation and results from the action of intact 
pepsin on the denatured molecules; (c) pepsin at pH more 
alkaline than 6.0 loses its activity spontaneously without the 
formation of nonprotein nitrogen. If guanidinium ion or urea 
is present in the reaction mixture, this rapid loss of activity occurs 
at more acid pH values. It is of interest to note that although 
the pH zone where inactivation takes place depends on the 
reagent as well as on its concentration, the maximum rate of 
inactivation within a small pH interval is independent of the 
nature of the solvent. Therefore, one may conclude that intra- 
molecular bonds of the same nature are sensitive to the hydroxy] 
ions of the media and that in the presence of hydrogen bond- 
breaking reagents the configuration of the pepsin molecules is 

' As reported in two recent publications, the enzymically active 


form of pepsin is always characterized by a rotatory dispersion 
constant, A., of 216 to 219 (6, 7). 
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TaBLeE II 
Effect of guanidine hydrochloride on intrinsic viscosity and on 
optical rotatory properties of pepsin at 25° 


Composition of solvent pH? | 
600 my | 400 my 

0.1 N acetate.................. 4.6, | 3.09 | 63.4 178 | 216 

2.4 m Guanidine-acetate.......| 4.49 | 3.14 | 62.3} 175 | 219 

3.0 m Guanidine-acetate....... 4.4, | 3.52 | 62.1! 173 | 217 

3.0 m Guanidine hydrochloride | 3.4) | 3.54 | 62.1 | 173 | 217 

4.0 m Guanidine hydrochloride .| 3.49 | 3.47 | 59.7) 166 | 219 

* Apparent pH. 
Aqueous a 
4 4M guanidine hydrochloride 
~ © 6M urea = 
| 
@ 
2 
3 
3 
+? 
2 20+ 2 
SW 
1 2 3 oH 4 5 


Fig. 3. Effect of various solvents on pepsin. Time of incuba- 
tion: 1 hour at 37°. 


loosened. Thus, these bonds can dissociate at lower pH values 
than they do in aqueous solution. Dissociation of hydrogen 


bonds of the type —COOH. ...-OOC— may partly account for 


the effects observed here. One should keep in mind, however, 
that although urea and guanidinium salts are usually considered 
to be hydrogen bond-breaking reagents, these reagents may pos- 
sibly also affect certain types of hydrophobic bonds (15). 

In conclusion, we should like to state that although the ob- 
servations presented in this report do not permit a clear definition 
of the mechanism and of the factors responsible for the loss of 
activity, the over-all configuration of the molecule is not dras- 
tically altered. 


SUMMARY 


1. Pepsin is active in concentrated guanidine hydrochloride 
solutions of pH 3.0 to 3.5 at 25°. On prolonged exposure to this 
reagent or on raising the temperature the enzyme is irreversibly 
inactivated. 

2. Although the inactivation at pH 3.0 to 3.5 is slow, it pro- 
ceeds rapidly outside this pH range. It is accompanied by the 
formation of low molecular weight peptides resulting from autol- 
ysis of the enzyme and the rate of inactivation parallels the rate 
of autodigestion. At pH values more alkaline than 5.0, the loss 


of activity is rapid and no nonprotein material is formed. 
3. As judged by the small increase of the intrinsic viscosity, 
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guanidine hydrochloride does not produce a marked unfolding 
of the pepsin molecule. This is further supported by the ob- 
servation that no significant changes of the optical rotatory 
properties, [a] and A., have been observed in the presence of 
guanidinium ions. 
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Thioglycolic acid has been regarded as one of the most effec- 
tive of sulfhydryl-containing reagents employed for the reduction 
of disulfide bonds in proteins (1-4). In some cases, however, 
use of this reagent has resulted in an increase in the sulfur con- 
tent of the protein (5, 6). To explain this difficulty, suggestions 
have been made that thioglycolate is adsorbed by the protein 
(5), forms salts with basic groups in the protein (5), produces 
mixed disulfide residues as intermediates in the reduction of di- 
sulfide bonds (5), and forms an addition product with the protein 
by an unknown reaction which might be common to all sulfhy- 
dryl-containing reagents (6). 

Another reaction which may account for this difficulty is the 
thiolation of proteins by PTG! (7), first studied by Schéberl (8). 
This impurity arises by thiolesterification between the sulfhydryl 
and carboxyl groups of thioglycolic acid, with the formation of 
polymers. Thiolation of proteins by these polymers could pro- 
ceed as shown in either Reaction 1 or 2. 


HSCH.[—COSCH:—],C OS[—C H: C OS—], CH: COOH 
+ H.N-protein (1) 
+ HS[—CH:COS—],CH:COOH 
Si—CH.COS—],CH: + H:N-protein 


(2) 


O 


HS[—CH:C OS—].CH: CONH-protein 


The values of z, y, and z are undetermined. The PTG of Re- 
action 1 could be cleaved, presumably, at any of the thiolester 
linkages to yield substituent groups with possibly a wide varia- 
tion in chain length. Variation in size of the cyclic PTG of 
Reaction 2 would also contribute to the heterogeneity of sub- 
stituent groups. As an additional possibility, the thiolester link- 
ages of polythioglycolyl groups of thiolated protein may undergo 
thiolation with amino groups contained in either the same or a 
different protein molecule. It is considered possible that both 
types of polymers are present in aged thioglycolic acid and that 
they vary widely in molecular size. 

Present evidence indicates that thiolation by PTG has been a 
major side reaction during the thioglycolate reduction of disul- 


1The abbreviations used are: PTG, polythioglycolides; CMC, 
S-carboxymethylcysteine; AHT, N-acetylhomocysteine thiolac- 
tone; DNP, dinitrophenyl. 


fide bonds in RNase. By the elimination of thiolation from re- 
duction, the specificity for reaction with disulfide bonds has been 
increased sufficiently that air oxidation of reduced and enzymat- 
ically inactive RNase has resulted in the regeneration of specific 
activities similar in magnitude to that of the native enzyme. 


EXPERIMENTAL 


Bovine pancreatic RNase (lot No. 381-059) was obtained from 
the Armour Company. Thioglycolic acid was purchased from 
the Matheson Company and the Fisher Scientific Company, and 
was of the highest grade of purity available from these sources. 
The acid was distilled at about 10 mm and 105°. It was stored 
at 5°, at which temperature it could be kept free from PTG for 
many weeks. Mercaptoethanol was purchased from the East- 
man Company, and cysteine from Nutritional Biochemicals 
Corporation. Both of these reagents were used without further 
purification. Assays for RNase activity were performed by the 
method of Anfinsen et al. (9) with ribonucleic acid, prepared as 
described by Crestfield e¢ al. (10), as the substrate. All SH 
group determinations were made by spectrophotometric titration 
with p-chloromercuribenzoate (11). All spectrophotometric 
examinations, unless otherwise stated, were made with a Beck- 
man model DU spectrophotometer. 

Reduction of RNase with Thioglycolate—This procedure is a 
modification of that previously used (11) and was developed to 
minimize thiolation during the reduction of RNase. After the 
addition of a small volume of water for convenience in electro- 
metric determination of pH 0.1 ml of vacuum-distilled thio- 
glycolic acid was adjusted to pH 8.0 to 8.5 with methylamine. 
To this solution were added 2.4 g of crystalline urea, followed by 
enough water to dissolve it, to produce a concentration of 8 m 
in the final reaction mixture. The resulting solution was added 
to 50 mg of RNase. A final check on pH was made, and either 
5% methylamine or 1 N HCl was used for adjustment to pH 8.5. 
The volume was brought to 5.0 ml by addition of water. Nitro- 
gen was bubbled rapidly through the reaction mixture in a test 
tube for 5 minutes, and the tube was tightly stoppered. The 
mixture was allowed to stand at room temperature (22-25°) for 
the desired time of reaction. The reduction was ended by pre- 
cipitation of the protein with 5 volumes of ethanol-1 m HCl 
(39:1)? at —5°. After centrifuging, the supernatant fluid was 

2 Acetone-HCl was used previously (11, 12). The substitution 


of ethanol was made necessary by the insolubility of methylamine 
hydrochloride in acetone. 
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discarded and the protein washed three times with more cold 
ethanol-HCl by resuspending in fresh solvent and centrifuging. 
Finally the protein was washed twice in the same way with ice- 
cold ether. The reduced RNase was redissolved in water at 
room temperature through which nitrogen had been passed for 
at least 15 minutes. The solution was immediately frozen and 
lyophilized. 

For partial reductions in the presence of 8 m urea, the reaction 
times were varied from 5 to 120 minutes. In a few experiments, 
urea was omitted from the reduction mixture to produce RNase 
at low levels of reduction, with reaction times as long as 24 hours. 

For essentially full reduction, the reaction was allowed to pro- 
ceed for 4 hours in 8 M urea. RNase, so reduced, possessed a 
sulfhydryl content of 7.6 to 8.0 groups per mole as determined by 
titration with p-chloromercuribenzoate and was devoid of en- 
zymatic activity. This product was analyzed for cystine (after 
carboxymethylation,? acid hydrolysis, and reaction with 1-fluoro- 
2,4-dinitrobenzene) by the chromatographic method of Levy 
(14). For samples prepared in this manner from two separate 
reductions, an amount corresponding to 0.035 ymole of RNase 
was chromatographed, with the appearance of 7.5 « 10-4 umole 
and 9.0 x 10-* umole of DNP-cystine, or 0.34 mole and 0.41 
mole of half-cystine, respectively, per mole of reduced RNase, 
remaining from the 8 moles of half-cystine per mole of native 
RNase. These amounts are, within experimental error, the 
same as those shown to arise from the decomposition of CMC 
during hydrolysis (11). Therefore the results of cystine analysis, 
as well as those of titration with p-chloromercuribenzoate, indi- 
cate essentially full reduction of RNase.‘ 

Reduction of RNase with Mercaptoethanol—Mercaptoethanol 
was substituted in equimolar amount for thioglycolic acid. As 
a source of carboxyl groups, 0.16 ml of 9 m acetic acid was added 
per 5.0 ml of reaction mixture. Then nearly the same amount 
of methylamine could be added for adjustment of pH as when 
thioglycolate was the reducing agent. Otherwise the procedure 
was as given above for reduction with thioglycolate. Reduction 
for 4 hours in 8 m urea yielded a protein derivative with no de- 
tectable RNase activity. The results of titration with p-chloro- 
mercuribenzoate and analysis for cystine by the method of Levy 
did not differ significantly from those given for reduction with 
thioglycolate and therefore indicated essentially full reduction of 
RNase with mercaptoethanol.‘ In a few experiments, urea was 
omitted from the reaction mixture to yield RNase at low levels 
of reduction. 

Reduction of RNase with Cysteine—Cysteine was substituted 
in equimolar amount for thioglycolic acid. The reduction other- 
wise was as given above for reduction with thioglycolate. As 
with other sulfhydryl-containing reducing agents, 1 mole of the 
oxidized form (cystine) is produced for every mole of disulfide 
bond reduced. Therefore, since cystine is insoluble in the etha- 


3 The same procedure for carboxymethylation was used as re- 
ported earlier (11), except that the reaction time was 15 minutes. 
This time has been proven adequate for reaction with sulfhydryl 
groups, and with longer times there is an increased possibility of 
side reactions (13). 

‘ Preliminary analyses (after carboxymethylation and acid hy- 
drolysis) of RNase reduced to this extent, performed on a Spinco 
model MS amino acid analyzer (15,16), revealed 7.8 to 8.0 moles of 
CMC and not greater than 0.2 mole of half cystine, per mole of re- 
duced RNase. Therefore essentially full reduction was again indi- 
cated. The details of these experiments will be published at a 
later date. RNase reduced to this extent with either thioglyco- 
late or mercaptoethanol is hereafter described as fully reduced. 
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nol-HCI solution used for precipitation of the protein, it was 
assumed that the weight of the reduced protein was increased 
by 1 mole of cystine for every mole of disulfide bond reduced. 
With this assumption the following equation was employed: 


28: 
_ mol. wt. cystine 
mol. wt. protein 


where 8; = sulfhydryl groups per mole of reduced RNase, de- 
termined directly by p-chloromercuribenzoate titration as de- 
scribed earlier (11); S2 = sulfhydryl groups per mole of reduced 
RNase, corrected for weight of cystine formed during reduction. 
This equation was used for calculating all sulfhydryl values 
when cysteine was the reducing agent. 

Thiolation of RNase—To 1 ml of the highly viscous, slightly 
water-soluble residue from vacuum distillation of thioglycolic 
acid were added 3.0 ml of water, and the mixture was placed in 
a boiling water bath for 10 minutes. The mixture was allowed 
to cool, and 0.94 ml of the supernatant liquid® was adjusted to 
pH 8.5 with trimethylamine. After addition of 2.4 g of urea, 
followed by enough water to dissolve it, the mixture was added 
to 50 mg of RNase, and the volume was adjusted to 5.0 ml with 
water. The reaction was then allowed to proceed under nitrogen 
at room temperature. At various time intervals, 2.5 yl were 
pipetted from the reaction mixture into 0.1 ml of 0.1 m sodium 
acetate buffer, pH 5.0, at 0° to stop the reaction. Of this mix- 
ture, 0.02 ml was taken for RNase activity assay. 

Thiolation of RNase with AHT, prepared by the method of 
Benesch and Benesch (17), was performed with either 6 or 300 
mg of this reagent substituted for PTG per ml of reaction mix- 
ture. ‘To approximate the ionic strength of the reaction mixture 
for reduction of RNase with thioglycolate, 0.16 ml of 9 m acetic 
acid was added per 5.0 ml of reaction mixture before adjustment 
of pH, as described for reduction with mercaptoethanol. Other- 
wise the procedure was as described above for PTG. A control 
was prepared as for thiolation with AHT, with the exception 
that neither AHT nor PTG was included. 

Thiolation, whether by AHT or PTG, was ended after 120 
minutes by precipitation with acid acetone at —5° as for ending 
the reduction of RNase (11). The precipitated protein was 
washed and redissolved in oxygen-free water, also as described 
earlier (11), and lyophilized in preparation for titration with 
p-chloromercuribenzoate and formol. 

Analysis for Mixed Disulfide in Reduced RNase—RNase was 
partially or fully reduced, precipitated, and washed by the pres- 
ent procedure with thioglycolate, or by the earlier method (11, 
12). After the last centrifuging, the reduced protein was dis- 
solved in 6 N HCl and completely hydrolyzed as already de- 
scribed (11). The hydrolysate was dried in a vacuum over 
NaOH pellets. It was then reacted with 1-fluoro-2 , 4-dinitro- 
benzene and chromatographed in two dimensions by the method 
of Levy (14). The DNP-mixed disulfide exhibited Ry values 
of 0.02 and 0.4 for the first and second dimensions, respectively 
(18). These values had been determined with a synthetic sample 


’ The supernatant liquid exhibited the 235 my thiolester peak 
which could be eliminated by treatment with methylamine, there- 
fore indicating the presence of the thiolester bond. The degree 
of polymerization of PTG in this water solution in comparison 
with that in impure thioglycolic acid is not known. Any conse- 
quent variation in thiolating effect between impure thioglycolic 
acid and this water solution is not considered in treatment of the 
data. 
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of the DNP-mixed disulfide, prepared by dinitrophenylation of 
synthetic mixed disulfide (19) by a procedure analogous to that 
for dinitrophenylation of protein hydrolysates. 

Oxidation of Reduced RNase—RNase (50 mg) was fully reduced 
with thioglycolate or mercaptoethanol, precipitated, and washed, 
as presently described. The precipitate was dissolved in water 
to a concentration of 2 mg per ml, determined spectrophoto- 
metrically. (€ = 9390 for fully reduced RNase (20)). Then 
an equal volume of 0.02 m disodium phosphate was added.* The 
pH was adjusted to 8.0 with 0.2 m NaOH. Air from a com- 
pressed air line was first passed through a trap containing 0.2 m 
NaOH and then into the reaction mixture contained in a 100-ml 
graduated cylinder. The air was introduced through a glass 
tube extending to within 1 cm of the bottom of the cylinder, at 
a rate of one bubble per 2 to 5 seconds throughout the reaction 
period of at least 20 hours. Aliquots of the reaction mixture 
were assayed for RNase activity with the protein concentration 
determined spectrophotometrically 


RESULTS 
Thiolation of RNase 


Detection and Elimination of Thiolation during Reduction of 
RNase with Thioglycolate—The thiolation of RNase by PTG 
during reduction with thioglycollate was first suspected when the 
sulfhydryl content of the protein, which had been fully reduced 
in 8 M urea, was observed to be in excess of the theoretical value 
of 8 groups per mole. Values as high as 10 have been obtained 
(Table I). Spectrophotometric® examination of various samples 
of thioglycolic acid then revealed optical density maxima at 235 
my from 0.8 to 1.4 after the acid had been diluted 10,000-fold 
with water, suggesting the presence of thiolesters.? Optical den- 
sities above 1 have been rarely encountered, however, and RNase, 
fully reduced with thioglycolate which exhibited optical densities 
below this figure, has not been observed to possess sulfhydryl] 
groups in excess of 8 per mole. 

The 235 my peak of impure thioglycolic acid, if a reflection of 
thiolester content, should be removed by treatment with a pri- 
mary amine, by a reaction similar to the thiolation of protein 
amino groups. To investigate this possibility, thioglycolic acid 
was brought to pH 9 with methylamine and the mixture then 
diluted to the concentration of thioglycolate employed in the 
reduction of RNase (0.1 ml of thioglycolic acid per 5 ml). After 
30 minutes at room temperature, HCl was added to pH 3, and, 
after the appropriate dilution, spectrophotometric examination 
revealed that the 235 my peak had disappeared. A control, pre- 


6 If 0.01 m phosphate is added directly to the reduced protein, 
the resulting solution is strongly turbid. A precipitate develops 
within a few minutes, and the final yield of soluble oxidized protein 
is generally lower. These effects are minimized by dissolving the 
reduced protein first in water as indicated in the text. 

7 For fully reduced, air-oxidized RNase, e = 9500 at 280 mu. To 
determine this value, the oxidized protein was dialyzed for 24 
hours against distilled water and lyophilized. The product was 
dried to constant weight over phosphorus pentoxide at 100° in a 
pgs for 17 hours to obtain the moisture content, which was 
14.8%. 

8 A model 14M Cary recording spectrophotometer was used for 
this study. 

* Optical densities within this range were observed even with 
recently purchased samples of thioglycolic acid. Therefore this 
reagent before vacuum distillation is referred to as impure thio- 
glycolic acid. The optical density of vacuum-distilled thiogly- 
colic acid after 10,000-fold dilution is 0.24. 
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TABLE I 


Comparison of pure and impure thioglycolic acid with cysteine and 
mercaptoethanol in production of sulfhydryl groups in RNase 


Sulfhydry!] groups® per mole of reduced® RNase 
reduction | centration 
: M Thioglycolic | Thi i 
hr M 
4 0 0 1.2 1.2 4-5 
24 0 1.1 2.7 2.7 5-8 
4 8 7.3 7.3 7.3 8-10 
24 8 7.5 7.6 7.6 8-10 


* The sulfhydryl groups per mole of reduced RNase were de- 
termined by spectrophotometric titration with p-chloromercuri- 
benzoate. For calculation of sulfhydryl groups per mole of re- 
duced RNase, the molecular weight of the protein was taken as 
13,683 (21) + 694 (for 19 HCl groups per mole, determined by 
chloride analysis) = 14,377. 

» Details of the reduction procedures are given in the text. 

¢ The yields of reduced protein varied between 70 and 75% 
for all reducing agents. 

¢ Examination of water solutions of cysteine on the Cary re- 
cording spectrophotometer, model 14 M, revealed no trace of a 
maximum in the vicinity of 235 my and therefore no thiolester 
linkages. 


pared as above except that trimethylamine was used for adjust- 
ment of pH, continued to exhibit the maximum at 235 mu. 
Therefore it appears that the peak was caused by the thiolester 
bond. Since PTG is the only impurity in thioglycolic acid which 
is known to contain the thiolester bond, it is assumed that this 
peak was caused by PTG. 

Because of this effect of methylamine, it was substituted for 


_trimethylamine (used previously (11, 12)) for pH adjustment in 


the present reduction methods. Since vacuum distillation of 
thioglycolic acid was also observed, spectrophotometrically, to 
remove PTG, only the purified acid was used. To confirm the 
absence of PTG during reduction of RNase, a control was pre- 
pared in which RNase was omitted, but which was otherwise 
identical to the mixture employed for reduction. After various 
time intervals of incubation up to 70 hours at room temperature 
under nitrogen, the mixture was acidified to pH 3 with HCl, 
diluted, and examined spectrophotometrically without detection 
of the 235 my peak. 

Thiolation of RNase with PTG and AHT—The PTG used in 
this study was obtained from the residue remaining after the 
vacuum distillation of thioglycolic acid. Since this product was 
assumed to be heterogeneous with respect to molecular size and 
to contain sulfhydryl groups, AHT (used by Benesch and Benesch 
(22, 23) for the thiolation of gelatin) was employed as a model 
compound. Thiolation with this reagent proceeds as follows: 


CH:——S 


CO + H.N-protein — 
NHCOCH; 


H: 


(3) 


HSCH:CH:CHCONH-protein 
NHCOCH; 


An attempt was made to duplicate the earlier (11) conditions 
of reduction except that, in most instances, thioglycolate was 
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RNASE +AHT 
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MINUTES 


Fic. 1. Inactivation of RNase by thiolation. H+, RNase 
with PTG added in a concentration approximating that in a typi- 
cal reaction mixture containing impure thioglycolic acid, as esti- 
mated by extinction at 235 mu; A——A, RNase with AHT added 
in a concentration approximating that of PTG in a reaction mix- 
ture containing impure thioglycolic acid, as estimated by extinc- 
tion at 235 mu; @——@, RNase with AHT added in a concentra- 
tion 50 times that of PTG in a typical reaction mixture containing 
impure thioglycolic acid, as estimated by extinction at 235 my; 
O——O, control, containing RNase with no PTG or AHT. Fur- 
ther experimental details are given in the text. 


omitted from the reaction mixture. Concentrations of AHT 
were chosen so that the extinction of the reaction mixture at 235 
my either approximated that of a typical! reduction mixture 
containing impure thioglycolic acid or was fifty times this value. 
In other experiments PTG was the thiolating agent, and the 
concentration again was chosen by extinction at 235 my to ap- 
proximate that of a typical reduction mixture. A control was 
similarly prepared but with no AHT or PTG. 

The results, presented in Fig. 1, show complete inactivation in 
120 minutes in the presence of PTG. At the lower concentration, 
AHT inactivated RNase to 40% of the specific activity of the 
native enzyme in the same time interval, and, at the higher con- 
centration, to 11%. A slight activating effect in the first few 
minutes of reaction was observed for AHT at the lower con- 
centration of this reagent. This effect cannot be explained at 
present. 

The mercuribenzoate titration of RNase, which had been re- 
acted as above for 120 minutes with AHT, revealed no sulfhydryl 
groups. The effect of AHT on the sulfhydryl content of RN 
during reduction was examined by performing similar haenibitieds 
with vacuum-distilled thioglycolic acid in place of acetic acid 
(equimolar substitution) with and without AHT at a concentra- 
tion of 6 mg per ml. Titrations with p-chloromercuribenzoate 
then revealed values approaching 0.5 sulfhydryl group per mole 
higher for RNase reduced in the presence of AHT than in its 
absence up to 4 hours of incubation. It therefore appeared that 
an introduction of sulfhydryl groups into RNase, although slight, 
was accompanying its inactivation under reduction conditions. 


10 The extinction coefficient at 235 my of a typical reduction 
mixture containing impure thioglycolic acid was taken as 160. 
For this mixture the dilution of thioglycolic acid is 50-fold. A 
further dilution to 10,000-fold would result in an optical density 
at 235 my of 0.8. In comparison with figures in the text, it can 
be seen that this value indicates a concentration of PTG below 
that which produces a thiolation effect detectable by a sulfhydryl 
content exceeding 8 groups per mole after full reduction under the 
earlier conditions (11). 
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In two thiolation experiments, p-chloromercuribenzoate titra- 
tion of RNase which had been reacted with PTG for 120 minutes 
revealed 11.3 and 10.9 sulfhydryl groups per mole. Formol titra- 
tions (24) indicated 1.8 and 1.5 free amino groups, respectively, 
remaining from the 11 such groups in native RNase. Therefore 
thiolation appears not to have been complete, despite sulfhydryl 
values close to the theoretical maximum of 11. It is possible 
that the sulfhydryl content of the protein may have been in- 
creased by the reduction of its cystine residues by sulfhydryl 
groups in PTG. (Formol titrations were not possible for the 
AHT-treated RNase because of the slight solubility of this pro- 
tein at alkaline pH values). 

These results indicate that thiolation of RNase, whether by 
PTG or AHT, can proceed under conditions similar to those 
employed earlier (11) for reduction of RNase and is accompanied 
by an extensive inactivation. 


Reduction of RNase 


With the development of a reduction method in which PTG 
could be excluded from thioglycolate, it became of interest to 
compare the effects of such reduction with those produced by 
impure thioglycollate and by other reducing agents. The results 
of this investigation are given below. 

Comparison of Thioglycolic Acid with Cysteine and Mercapto- 
ethanol in Production of Sulfhydryl Groups in RNase—In view of 
reports (1, 6, 25) suggesting that thioglycolic acid is more effec- 
tive than other SH-containing reagents for the reduction of pro- 
tein disulfide bonds, a brief investigation was undertaken in com- 
parison of vacuum-distilled thioglycolic acid with cysteine and 
mercaptoethanol in the reduction of RNase, to determine to 
what extent this apparent superiority might have been due to 
introduction of SH groups by thiolation. From the results of 
Table I, the three reagents appear equally effective in 8 m urea. 
In the absence of urea all three reagents were only slightly effec- 
tive, with cysteine producing the smallest number of sulfhydryl 
groups per mole of reduced RNase. Therefore, the number of 
sulfhydryl groups appearing on reduction with the purified thio- 
glycolic acid is in good agreement with those of other sulfhydryl- 
containing reagents. 

Thiolation, as indicated by sulfhydryl content, is accentuated 
when the reduction of RNase is performed in the absence of urea. 
Such reduction for 4 hours with impure thioglycolic acid yielded 
4 to 5 sulfhydryl groups per mole of protein (Table I), but when 
RNase was reduced with purified thioglycolic acid, only 1.2 sulf- 
hydryl groups appeared. The larger values occurred consistently 
with use of the former reduction methods, even with samples of 
thioglycolic acid which were so low in PTG content that they 
never produced sulfhydryl values on reduction of RNase over 
the theoretical 8 per mole in the presence of urea. 

Variation of RNase Activity with Sulfhydryl Content—An ear- 
lier correlation (12) between enzymatic activity and the extent 
of reduction of RNase was obtained without vacuum distillation 
of thioglycolic acid and has therefore been repeated with the 
present reduction method. The effect has been to shift the curve 
so that more activity appears at intermediate stages of reduction 
(Fig. 2), although no activity has been detected in the vicinity 
of 8 sulfhydryl groups per mole after use of either method. 

Solubility of Reduced RNase—The water solubility of RNase 
fully reduced with impure thioglycolic acid has been slightly be- 
low pH 8.5. RNase reduced by the modified procedure with 
purified thioglycolic acid is highly water-soluble at all pH values. 
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Fig. 2. Activity of ribonuclease (expressed as percentage of the 
specific activity of native ribonuclease) reduced with impure and 
purified thioglycolic acid, as a function of the number of moles of 
sulfhydryl (SH) per mole of enzyme. A, reduction with impure 
thioglycolic acid in absence of urea; @, reduction with impure 
thioglycolic acid and 8 mM urea; O, reduction with purified thio- 
glycolic acid and 8 M urea. , all reductions performed by 
procedures reported previously (11, 12);----, all reductions per- 
formed in 8 M urea by modified procedure given in the text. 


Mixed Disulfide Content of Reduced RNase—Mixed disulfides 
arise as intermediates of disulfide bond reduction with the use of 
sulfhydryl-containing reagents. The mixed disulfide that forms 
when thioglycolate is the reducing agent, B-carboxy-G-amino- 
ethyl carboxymethyl] disulfide, has been detected in RNase in 
amounts up to 3 moles per mole of the partially reduced protein 
(18). The relative positions of the DNP derivatives of the mixed 
disulfide and other amino acids after two dimensional chromato- 
graphic separation are shown in Fig. 3. These results supported 
the report of Eldjarn and Pihl (26) that mixed disulfides occur 
in appreciable quantities during the reduction of disulfide bonds 
with SH-containing reagents. The earlier experiments were re- 
peated, but with the present reduction procedure, as well as with 
the earlier method. The mixed disulfide was again detected on 
the two dimensional chromatogram prepared by the method of 
Levy, when impure thioglycolic acid was used. However, this 
amino acid derivative was absent at all levels of reduction when 
purified thioglycolic acid had been the reducing agent. 

Confirmation of the appearance of the mixed disulfide in acid 
hydrolysates of RNase, reduced with impure thioglycolic acid, 
has been obtained by chromatography on the Spinco model MS 
amino acid analyzer. The mixed disulfide peak appeared be- 
tween those of aspartic acid and threonine. This position has 
been confirmed with an acid hydrolysate of native RNase to 
which the synthetic mixed disulfide had been added. Acid hy- 
drolysates of RNase, reduced with purified thioglycolic acid, did 
not show this peak. 

Oxidation of Fully Reduced RNase—It has been reported that 
RNase reduced for 1 hour with the appearance of 6.6 sulfhydryl 
groups per mole could be oxidized with full regeneration of activ- 
ity; that after 4.5 hours of reduction only 15% of the original 
specific activity could be restored; and that with 24 hours of re- 
duction only 0.7% of this activity could be regenerated on oxida- 
tion (20). In consideration of the possibility that the failure to 
regenerate full activity was the result of thiolation, RNase was 
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fully reduced (and totally inactivated) with either thioglycolate 
or mercaptoethanol by the present procedures, air-oxidized, and 
assayed for activity. Tables II and III indicate an average re- 
generated activity of 76% of the specific activity of native RNase 
when thioglycolate was the reducing agent and 84% with mer- 
captoethanol (average for both reagents = 80%). In a few 
cases, nearly complete reappearance of the native activity was 
observed. The yields of soluble oxidized protein varied between 
26 and 87% with fully reduced RNase as the starting material 
(average = 62%). 


2ND DIMENSION=> 


IST DIMENSION=> 


Fig. 3. Two-dimensional chromatogram (prepared by the 
method of Levy (14)), showing the positions of the DNP deriva- 
tives of the mixed disulfide and other amino acids of RNase which 
had been fully reduced with impure thioglycolic acid as described 
previously (11). 


TABLE II 


Enzymatic activity of RNase fully reduced with thioglycolate 
and air-oridized 


Experiment No. Time of reduction® of reduced 
a 
hrs. %, 
1 4 87 50 
2 4 73 43 
3 4 67 78 
4 20 86 83 
boos 20 97 80 
6 20 68 87 
7 20 75 87 
8 20 72 S4 
9 20 68 77 
10 70 66 54 


@ RNase was fully reduced as described in the text. 

’ RNase activity oi soluble protein, expressed as per cent of the 
specific activity of native RNase. The enzymatic activity was 
regenerated by oxidation with air as described in the text. Ac- 
tivity of fully reduced RNase at the start of oxidation was zero 
in each case. 

¢ Percentage yield of soluble protein after oxidation was calcu- 
lated with fully reduced RNase as the starting material. The 
protein concentration was determined spectrophotometrically. 
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TABLE III 
Enzymatic activity of RNase fully reduced with 
mercaptoethanol and air-oxidized 


Experiment No. | Time of reduction* meena Oxidized| Yield of soluble 
RNase protein 
hrs. % 
1 4 94 43 
2 4 66 70 
3 4 81 66 
4 20 99 46 
5 20 79 58 
6 20 76 26 
7 20 87 62 
8 70 98 56 
9 70 80 53 
10 70 76 37 


* RNase was fully reduced with mercaptoethanol as described 
in the text. 

> RNase activity of soluble protein, expressed as per cent of the 
specific activity of native RNase. The enzymatic activity was 
regenerated by oxidation with air as described in the text. Ac- 
tivity of fully reduced RNase at the start of oxidation was zero 
in each case. 

¢ Percentage yield of soluble protein after oxidation was calcu- 
lated with fully reduced RNase as the starting material. The 
protein concentration was determined spectrophotometrically. 


RNase assays revealed no increase in activity beyond 20 hours. 
Titration with p-chloromercuribenzoate of the 20 hour-oxidized 
protein indicated no sulfhydryl groups. During this time some 
protein precipitated, possibly the result of intermolecular combi- 
nation of sulfhydryl groups. 

As controls, native RNase and fully reduced, carboxymethy]- 
ated RNase were subjected to the oxidation procedure, and 
there was no alteration of activity in the former nor appearance 
of activity in the latter after 20 hours. No precipitate was ob- 
served for these controls. 


DISCUSSION 


The observed differences in the properties of RNase reduced 
with pure and impure thioglycolic acid appear to result from 
thiolation of the protein by PTG in the impure acid for the fol- 
lowing reasons: (a) The presence of PTG in impure thioglycolic 
acid was indicated by the appearance of the 235 my ‘“‘thiolester”’ 
peak which could be eliminated by treatment with a primary 
amine. (b) It has been shown that thiolation, with either PTG 
or AHT, can occur to a significant extent under conditions simi- 
lar to those for reduction of RNase. 

As has already been pointed out, the thiolation effect, indicated 
by an excess of sulfhydryl groups over 8 per mole of RNase, was 
difficult to demonstrate when 8 m urea was included in the re- 
duction mixture. It was possibly for this reason that thiolation 
was not detected earlier, despite experiments which might have 
brought such difficulty to light. For example, no additional 
sulfhydryl groups appeared when RNase, reduced in 8 m urea 
and then carboxymethylated with iodoacetate, was again sub- 
jected to these conditions of reduction and titrated with p-chloro- 
mercuribenzoate (11). Furthermore, the results of previous 
determinations of the extent of reduction, based on the p-chloro- 
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mercuribenzoate titration, cystine analysis, and CMC analysis, 
were in sufficient agreement that no thiolation was indicated (11). 

In view of the observed effects of thiolation upon RNase, it is 
suggested that the incorporation of sulfur into proteins with the 
use of thioglycolate, observed by other workers (5, 6), may have 
been caused by thiolation. In many investigations with this 
protein reducing agent, little or no attention appears to have 
been given to its state of purity. The more pronounced changes 
in protein properties occurring with the use of impure thioglycolic 
acid, (z.e. increase in sulfhydryl content, activity loss, and de- 
creased solubility) may help to explain the acceptance of this 
reagent as being especially effective for the reduction of protein 
disulfide bonds. 

Heterogeneity has been a problem in past attempts at purifica- 
tion of partially reduced RNase (27). The elimination of thio- 
lation from reduction appears to have removed two sources of 
heterogeneity: (a) The attachment of thioglycolyl or polythio- 
glycolyl groups to the amino groups of lysine residues; (b) The 
formation of mixed disulfide residues. The continuation of 
earlier efforts at fractionation of reduced RNase, with the object 
of studying the relationship between disulfide bonds and en- 
zymatic activity, may now be practical. 

The absence of the mixed disulfide from RNase which had 
been reduced with thioglycolate by the present procedure is not 
understood. However, since the mixed disulfide was easily de- 
tectable when RNase was reduced with impure thioglycolic acid, 
it would seem that the PTG was in some way responsible for 
increasing the content of this residue in reduced RNase. 

Past efforts at air oxidation of fully reduced RNase resulted 
in 15 to 19% of the specific activity of native RNase regenerated 
(12, 20). Since this figure has markedly increased with removal 
of PTG from thioglycolic acid, it may be concluded that thiola- 
tion of RNase by PTG was a major nonspecific reaction which 
proceeded during reduction and which prevented further reap- 
pearance of activity on oxidation. The failure to achieve con- 
sistently full reactivation of RNase reduced by the present tech- 
niques may be the result of a continuing nonspecificity, the nature 
of which remains to be elucidated. 

Since the extent to which activity could be regenerated from 
RNase which had been fully reduced with thioglycolate was sim- 
ilar to that regenerated from RNase fully reduced with mer- 
captoethanol (average for thioglycolate = 76% of native specific 
activity; average for mercaptoethanol = 84% of native specific 
activity), these two reducing agents appear to possess approxi- 
mately the same degree of specificity toward the disulfide bonds 
of RNase. Mercaptoethanol, however, has at least a theoretical 
advantage over thioglycolate in that no carboxyl groups are 
present to form thiolesters by reaction with sulfhydryl groups. 
Wetlaufer (28) has reported the oxidation of RNase which had 
been reduced with sodium borohydride. The resulting specific 
activity was, at the most, 2% of that of native RNase. There- 
fore this reduction procedure may be considered tentatively as 
low in specificity for disulfide bonds; definite conclusions cannot 
be reached until borohydride-reduced RNase is subjected to the 
same conditions of oxidation as those presently reported. 

According to Kauzman (29) there could be 105 isomers of 
RNase produced by every conceivable combination of sulfhydryl] 
groups to form intramolecular disulfide bonds during oxidation 
of the reduced protein. If only one of these forms were to per- 
mit enzymatic activity, then with a random combination the 
specific activity of the fully reduced, air-oxidized enzyme would 
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Exposure of bovine zinc carboxypeptidase to 1,10-phenan- 
throline at neutral pH (1, 2) or to low pH (2, 3) results in con- 
comitant loss of zinc and activity. Conversely, activity can be 
restored in direct proportion to the amount of zinc bound by the 
metal-free apocarboxypeptidase, up to 1 g atom per mole of 
enzyme (2, 3). Cott, Nit+, Mn*+, and Fe++ are also effective 
in restoring activity to the metal-free apoenzyme (2). The phys- 
icochemical conditions of the binding of these metals to the 
apoenzyme and the enzymatic properties of the resultant metal- 
loproteins are the subject of this report. 

The amount of metal bound to the apoenzyme and the con- 
comitant activities are functions of both the hydrogen ion and 
metal ion concentrations. The apparent dissociation constants 
of the zinc and cobalt enzymes have been determined. Cobalt 
carboxypeptidase exhibits a characteristic new absorption spec- 
trum not found in the other metallocarboxypeptidases. The 
catalytic activity of this series of metallocarboxypeptidases ap- 
parently results from the interaction of each of these metal ions 
with the same site of the protein molecule. 


EXPERIMENTAL PROCEDURE 


Beef Pancreas {[((CPD)Zn]|'—Four times recrystallized zinc 
carboxypeptidase was prepared from beef pancreas acetone pow- 
der? by the method of Allan et al.* The solution of the final 
crystals in 1.0 m NaCl, 0.1 m Tris buffer, pH 7.5, was homo- 
geneous in the ultracentrifuge. This preparation is also homo- 
geneous by moving boundary electrophoresis when examined in 
0.3 ionic strength LiCl buffers of pH 6.6 to 10.5. The proteolytic 
coefficient, (C) (see below), of this preparation was 25 to 30 at 
pH 7.5, 25°, and 6 to 7 at pH 7.5, 0°. The zinc to protein ratio 
was 1870 ywg per g of protein or 1.0 g atom per mole, assuming a 
molecular weight of 34,300 for the protein (4, 5). 

Zinc-free Enzyme—The zinc-free apocarboxypeptidase was 
prepared by dialyzing the native enzyme against 1, 10-phenan- 
throline, as previously described (3). The two preparations 


* This work was supported by the Howard Hughes Medical In- 
stitute and by grants-in-aid from the National Institutes of 
Health of the Department of Health, Education, and Welfare, 
Grant Number 3117 (C). 

+t Carboxypeptidase here refers to carboxypeptidase A only. 

t Research Fellow in Medical Science of the National Academy 
of Sciences, National Research Council. 

1 The abbreviations used are (in formulations only and when 
required for differentiation): [((CPD)Zn], zine carboxypeptidase, 
with (CPD) representing the apoenzyme and the brackets indicat- 
ing the firm binding of zinc or other metals substituting for it, 
((CPD)Co]; CGP, carbobenzoxyglycyl-L-phenylalanine. 

2 Kindly supplied by the Lilly Research Laboratories. 

3B. J. Allan, P. J. Keller, and H. Neurath, in preparation. 


used in these experiments contained 23 and 61 yg of zinc per g 
of protein, 1 and 3% of the original zinc content, and had be- 
tween 1 and 3% of the original activity. 

Enzymatic activity was determined as described previously 
(6, 7) by use of CGP (Mann Chemical Company). Activity is 
expressed as an apparent proteolytic coefficient, (C), which is 
defined as 


1 a 
where e represents enzyme concentration in mg of protein N per 
ml, ad, the initial substrate concentration, which is 0.02 m in all 
experiments here performed, and a, the substrate concentration 
after time ¢t. The assays were carried out at 0° in 0.02 m sodium 
Veronal buffer containing 0.1 m NaCl, pH 7.5, and (C) was cal- 
culated from the linear portion of first order reaction plots ob- 
served when hydrolysis did not exceed 15%. 

Zinc was determined chemically by the dithizone method (8). 

Manganese and nickel were determined chemically by means 
of the formaldoxime method (9). 

Cobalt was deterfhined with the Nitroso R-salt procedure (10). 

Protein concentrations were determined either by 10% tri- 
chloroacetic acid precipitations followed by drying at 104° (11), 
or from the absorbancy at 278 my as described previously (12). 
The two measurements were in excellent agreement. 

The Beckman DU spectrophotometer was employed for all 
these spectrophotometric measurements. 

Preparation of Zinc, Cobalt, Nickel, Iron, and Manganese Car- 
borypeptidase—Standard solutions of cobaltous, nickelous, man- 
ganous, and zinc chloride were prepared by dissolving the spec- 
trographically pure metals (Johnson Matthey Company, Ltd.) 
in dilute, metal-free HCl. The iron solution was prepared from 
reagent grade ferrous ammonium sulfate which was dissolved in 
metal-free water just before use. The solutions were then di- 
luted with metal-free buffer‘ to give the desired pH and molarity, 
and dialyzed against the zinc-free enzyme. The procedure for 
the exchange experiments, dialysis of [((CPD)Zn] against Co** 
or [((CPD)Co®] against Zn++, was essentially the same as that 
described for the metal-free enzyme. 

Dialysis tubing was Visking-Nojax casing which had been 
freed of metals (13). 

Contamination—Contamination with adventitious metal ions, 
contained in reagents, substrates, or reaction vessels, presents 
special and formidable problems in this work. As little as 3.5 X 
10-* m zinc will restore the activity of 1.3 « 10-® g of metal-free 


4 All buffers unless otherwise indicated were 1.0 m NaCl, 0.05 M 
Tris, and 0.05 m sodium acetate. 
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carboxypeptidase per ml, the amount of enzyme used in the 
reaction mixture. Contamination, accompanied by concomitant 
activation, was encountered invariably unless the necessary pre- 
cautions (14) were carefully observed. All chemicals and the 
substrate were extracted with dithizone to remove contaminating 
metals. Polyethylene containers had to be employed throughout 
the preparation of the zinc-free enzyme and for all equilibrium 
dialysis experiments. Pyrex, aged for 4 weeks in a 1:1 mixture 
of HNO; and H.SO,, has been found adequate for use in analysis 
of metal ions present in microgram quantities (14), but yielded 
sufficiently large amounts of metal ions to gradually restore the 
activity of the metal-free enzyme. 

pH Dependence—The metal-free enzyme, 1.0 x 10-4 mM, was 
dialyzed in open dialysis bags at 4° against the same concentra- 
tion of Znt++, Cot+, Nit++, and Mn*+ in buffer between pH 4.0 
and 11.0. After equilibration for 24 hours, the enzymatic ac- 
tivity was measured at pH 7.5. Dilutions before assay were 
made at the pH of dialysis. Simultaneously the degree of metal 
binding to the enzyme as a function of pH was measured with a 
buffered metal solution labeled with Co and Zn® in the manner 
described below. 

Equilibrium Dialysis—Aliquots of 1 ml of a standard solution 
of zinc-free carboxypeptidase, 1.0 x 10-4 mM, were placed in 
closed dialysis bags of identical dimensions. Together with a 
control bag containing buffer alone, these samples were dialyzed 
against 100-ml volumes of buffer containing either 1.0 x 10-*m 
Cot+ or Zn*++. To these solutions tracer quantities of Co™ or 
Zn®* (Oak Ridge National Laboratories) were added as the chlo- 
rides. The quantities of total metal added with the isotope 
were negligible, and the addition of 1.0 « 10-* m labeled cobalt 
to the stable ion was sufficient to yield a convenient counting 
level of 5000 c.p.m. per ml in a well-type scintillation counter 
(Tracerlab). All isotopic measurements were made in duplicate. 
The dialysis bags and their contents were counted while stand- 
ardized geometry was preserved. The radioactivity bound to 
the enzyme was calculated by subtracting the radioactivity of 
the control from that of the protein bag. The dialysis bags were 
weighed before and after dialysis to measure the change of vol- 
ume. The total weight was 1.5 g with a coefficient of variation 
of +3%. Changes of volume could therefore be neglected in 
these calculations. The molarity of the metal bound to the 
protein was calculated from the radioactivity bound to the 
enzyme and the specific radioactivity of the original dialysate. 
This value divided by the known molarity of the protein gives 
the g atoms of metal per mole of protein. 


RESULTS 


Zn*++, Nit+, Cot+, Mn++, and Fet++ restore the activity of the 
metal-free, inactive apocarboxypeptidase (2). In Table I, data 
concerning the native and zinc-free enzymes are shown for 
comparison. Cobalt carboxypeptidase has a proteolytic coeffi- 
cient higher than that of the native carboxypeptidase (Table I). 
At a concentration of 1.3 x 10-* g of enzyme per ml of reaction 
mixture, the activity has been observed to be as high as twice 
that of the native zinc enzyme (Figs. 1, 4, 6). The magnitude 
of the reactivation at pH 7.5 is in the order Cot+ > Zn*++ > 
Ni++ > Mn++ > Fet+. Activity is not restored by Fe*+*+t. 

The degree of reactivation is a function of the pH at which the 
enzyme is exposed to these metal ions. The enzyme, 1 x 10- 
M, was exposed to the same concentration of each metal at a 
given pH, and the resultant metal carboxypeptidase was as- 
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TABLE [ 
Activities of metallocarboxrypeptidases 

Different carboxypeptidases assayed in 0.02 m sodium Veronal, 
0.1 m NaCl, pH 7.5, 0°, with 0.02 m CGP as substrate. Metal 
restoration was carried out at pH 7.5in 1 m NaCl, 0.05 m Tris, and 
0.05 m sodium acetate buffer. All values shown are the proteolytic 
coefficients, C. CPD represents the metal-free apocarboxy- 
peptidase and the brackets indicate the binding of each metal 
to it. 


Enzyme No. of Determinations 
Native 6 7.6 + 0.6 
[(CPD)Zn] 

Zn-free 6 0.4+ 0.2 
Reactivated 

[(CPD)Zn]) 9 6.8 + 0.4 
[(CPD)Co] 11 10.8 + 0.7 
5 3.4+ 0.9 
{((CPD)Mno] 7 2.8 + 0.6 
{((CPD)Fe] 9 2.2 + 0.6 


sayed at pH 7.5. These activities, as functions of pH, are shown 
in Fig. 1. The activity of the reconstituted zinc enzyme is 
virtually identical with that of the native enzyme and is inde- 
pendent of pH between 6 and 10, resulting in a plateau-like curve. 
The pH-restoration curve of the manganese enzyme exhibits 
similar features, although the absolute level of peptidase activity 
is low. Addition of Cot*+ and Ni*+, however, results in pH- 
restoration curves which are qualitatively different from those 


for Zn*+*+ and Mn*+. Each shows a sudden maximum of activity 


near pH 8, falling off sharply on the alkaline and acid sides. If 
proteolytic coefficients for this series of metallocarboxypepti- 
dases, restored at pH 8.0, are compared, both the cobalt and 
nickel enzymes exhibit greater activity than the zinc enzyme, 
200% and 125%, respectively. 


Co _ 
Ni** 
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Fia. 1. The proteolytic coefficients (C), for zinc, cobalt, nickel, 
and manganese carboxypeptidase. The metal-free apoenzyme 
was exposed to Zn**, @——-@,Co**, Ni**, @—- and 
Mant, © O, for 24 hours in 1 m NaCl,0.05 m Tris, 0.05 m sodium 
acetate at 4° at the pH indicated on the abscissa. The assay was 
then carried out at pH 7.5, 0°, with 0.02 m CGP in 0.02 m sodium 
Veronal, containing 0.1 m NaCl. 
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Fic. 2. Proteolytic coefficient, (C), and enzyme-bound zinc 
before and after dialysis against metal-free buffer. The metal- 
free apoenzyme, (CPD), was exposed to 1 X 10-4 m Zn** for 24 
hours in 1 m NaCl, 0.05 m Tris, 0.05 m sodium acetate at 4° at the 
pH indicated on the abscissa and assayed for zinc binding, @, and 
activity, @. The activity data are connected by the solid line 
which corresponds to the activity curve for the zinc enzyme in 
Fig. 1. The enzyme was then dialyzed against metal-free buffer 
at the same pH, and the zinc binding, 0, and activity, O, were 
determined again after dialysis. All assays were carried out at 
pH 7.5, 0°, with 0.02 m CGP in 0.02 m sodium Veronal containing 
0.1 m NaCl. 
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Fic. 3. Proteolytic coefficient, (C), and enzyme-bound cobalt 
before dialysis against metal-free buffer. The metal-free apo- 
enzyme was exposed to 1 X 10-4 m Co** for 24 hours in 1 m NaCl, 
0.05 m Tris, 0.05 m sodium acetate at 4° at the pH indicated on the 
abscissa and assayed for activity and cobalt binding. All assays 
were carried out at pH 7.5, 0°, with 0.02 m substrate in 0.02 m 
sodium Veronal containing NaCl. VY, proteolytic coefficient, 
(C); @, enzyme-bound cobalt. 


_ The observed activity is a direct function of the concentration 

of metal bound. This was studied in detail for zinc and cobalt. 
The zinc content of the reactivated enzyme was determined 
before and after dialysis against metal-free buffer. The isotopes 
Zn®* and Co® afford high precision of measurement while per- 
mitting the use of feasible concentrations of enzyme. The data 
are shown in Fig. 2. Between pH 6 and 11, the zinc content is 
higher than that of the native enzyme. After dialysis there is 
no change in activity, but the zinc content is reduced from 1.8 g 
atoms to 1 g atom per mole of enzyme between pH 6 and 10, 
the value which is characteristic of the native enzyme. Thus 
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activity is correlated only with that zinc which is bound firmly 
and is nondialyzable. Firmly bound zinc, however, is dialyzable 
at pH values below 6.0 with concurrent loss of activity as has 
been shown previously (3). At pH values above 10, both zinc 
and activity are progressively lost. The restoration of activity 
with cobalt, as with zinc, is directly correlated with the amount 
of metal bound as shown in Fig. 3, but under these conditions 
cobalt is not bound in excess of 1 g atom per mole of enzyme. 
Where maximal activity is observed, the pH corresponds to the 
pH of maximum binding. 

In contrast to the zinc enzyme, where 1 g atom is nondialyzable 
at the pH of maximal binding, dialysis of the cobalt enzyme 
against metal-free buffer at pH 8.0 results in a slow loss of both 
metal and activity (Fig. 4). Dialysis of [(CPD)Zn*] against 
metal-free buffer for 144 hours does not result in loss of activity 
or zinc content (lower curve in Fig. 4), whereas dialysis of the 
{(CPD)Co®] under the same conditions results in loss of both 
cobalt and activity (upper curve Fig. 4). 

The details of the pH dependency of the binding of nickel and 
manganese to the apoenzyme have not yet been determined. It 
has been ascertained, however, that 1.05 g atom of nickel and 
0.95 g atom of manganese per mole of protein are bound at pH 
8.0 in the presence of excess metal. 

Absorption Spectrum of Cobalt Enzyme—The formation of the 
[(CPD)Co®] is accompanied by the appearance of an absorption 
maximum at 530 my, reflected by a distinctive reddish color of 
the crystalline enzyme. The spectrum is a direct consequence 
of the formation of the cobalt-protein bond, and its intensity 
follows the same pH curve as the cobalt binding to the enzyme, 
with a sharp maximum at pH 8.0. The absorption spectra of 
the cobalt and the zinc enzymes are shown in Fig. 5. The calcu- 
lated molar extinction coefficient at 530 my for the cobalt en- 
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Fig. 4. Dialysis of cobalt and zinc carboxypeptidase against 
metal-free buffer. The restored enzymes were dialyzed against 
100-ml volumes of metal-free 1 m NaCl, 0.05 m Tris, and 0.05 m 
sodium acetate at pH 8.0, 4°, for 144 hours. The dialysate was 
changed every 24 hours. Enzyme-bound metal and the proteo- 
lytic coefficient, (C), were measured simultaneously as a function 
of time. Assays were carried out at pH 7.5, 0°, with 0.02 m sub- 
strate in 0.02 m sodium Veronal containing 0.1 m NaCl. V, 
enzyme-bound cobalt; W, proteolytic coefficient, (C), of the cobalt 
enzyme; O, enzyme-bound zinc; @, proteolytic coefficient, (C), 
of the zinc enzyme. 
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zyme at pH 8.0 e€ = 150. The absorption spectrum of cobaltous 
chloride at pH 8.0 is also shown in Fig. 5. The absorption 
maximum is at 515 my and the molar extinction coefficient 
eis 10. 

Displacement of Enzyme-bound Zinc and Cobalt by Co*+ and 
Zn++—The activity of the [((CPD)Co] is much higher than that 
of [((CPD)Zn] when assayed at 0° with 0.02 m CGP as substrate, 
pH 7.5. It was of importance, therefore, to determine whether 
both metals occupied the same or different sites on the enzyme. 
[((CPD)Co®] was exposed to a solution of stable zinc ions. 
Bound cobalt and enzymatic activity were determined simul- 
taneously as a function of time. The reverse experiment was 
also carried out with an enzyme labeled with Zn® which was 
exposed to stable cobalt ions. In addition the same experiment 
was carried out with the native [((CPD)Zn], and the zine which 
was released was measured chemically (7). Dialysis of 
((CPD)Co®], 1.0 x 10-* mM, against 1.0 x 10-4 m Zn** results in 
rapid and complete replacement of the cobalt by zinc in 12 hours; 
simultaneously the proteolytic coefficient falls from 12 to 6 
(Fig. 6). The predicted activity, calculated on the basis of the 
mole fractions of cobalt and zinc enzyme present at any one 
time, coincides with the experimental data. 

In contrast to the cobalt enzyme, 1.0 x 10-? M Cot* is required 
to completely replace the zinc in [((CPD)Zn®], 1.0 x 10-* m. 
The activity and zinc bound to the enzyme are shown as a func- 
tion of time in the corresponding curve in Fig. 6. The replace- 
ment of zinc by cobalt is not complete until 48 hours, as con- 
trasted to 12 hours for the replacement of cobalt by zinc. The 
proteolytic coefficient rises from 6, which is characteristic of zinc, 
to 12, which is characteristic of cobalt, under the conditions of 
assay. Again a close correspondence between activity deter- 
mined experimentally and activity calculated on the basis of the 
mole fractions of cobalt and zinc enzymes present is observed. 
Dialysis of 1.0 x 10-4 m [(CPD)Zn*®] against 1.0 x 10-4 m Co**, 
does not result in complete replacement. The resultant mix- 
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Fic. 5. Absorption spectra of cobalt carboxypeptidase, [(CPD) 
Co], native zinc carboxypeptidase [(CPD)Zn], and cobaltous 
chloride in buffer, Cot+. All spectra were obtained at pH 8.0, 23°, 
in 1 m NaCl and 0.1 o Tris, with a Cary recording spectrophotom- 
eter. Special 5-cm cells adapted to the instrument (18) were 
employed, and the reference cell contained 1 mM NaCl and 0.1 o Tris. 
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Fig. 6. Replacement of radiocobalt bound to carboxypeptidase 
by stable zinc and the replacement of radiozinc bound to carboxy- 
peptidase by stable cobalt. The Co® and Zn® enzymes, contain- 
ing 1 g atom of either metal, were dialyzed against the zinc or 
cobalt ion concentrations indicated below and contained in 1 m 
NaCl, 0.05 m Tris, 0.05 m sodium acetate solutions at pH 8.0, 4° 
for the periods indicated on the abscissa. The proteolytic coeffi- 
cients and enzyme-bound metal concentration were measured 
simultaneously as a function of time. Assays were carried out at 
pH 7.5, 0°, with 0.02 m CGP in 0.02 m sodium Veronal containing 
0.1m NaCl. YW, proteolytic coefficient (C) of 1 X 10-*m [(CPD) 
Co®] exposed to 1 X 10-‘m Zn** at Otime. radiocobalt bound 
to 1 X 10-4 m [(CPD)Co®] exposed to 1 & 10-4 m Zn** at O time. 
@, proteolytic coefficient, (C), of 1 X 10-4 m [(CPD)Zn®*] exposed 
to 1 X 10°? m at 0 time; O, radiozine bound to 1 10-4 m 
[(CPD)Zn**] exposed to 1 X 10°? m Co** at O time. The proteo- 
lytic coefficient, (C), observed experimentally could be predicted 
at all times by calculation from the known characteristic proteo- 
lytic coefficients, (C), of the zinc and cobalt enzymes under these 
conditions of assay and their mole fractions present. These 
calculated proteolytic coefficients (C) are represented by - - -. 


ture of [((CPD)Co] and [(CPD)Zn] contains 0.55 g atom of zine 
per mole, with an over-all proteolytic coefficient of 9.0, as pre- 
dicted for this mixture of the cobalt and zine carboxypeptidases. 
The results did not differ significantly when similar experiments 
were performed with the native carboxypeptidase. 

Apparent Dissociation Constants for [((CPD)Co] and [((CPD)Zn} 
—The reversible formation of the cobalt carboxypeptidase allows 
a direct measurement of the concentrations of both the free 
metal and protein species present at equilibrium. These con- 
centrations can be employed to calculate the apparent dissocia- 
tion constant directly. The apparent dissociation constant for 
the reversible reaction 


[((CPD)Co] = (CPD) + Co** (1) 
is given by 
(CPD) (Co**) 
*eo = “((CPD)Co)) 


With the cobalt enzyme these concentrations were determined 
directly by the equilibrium dialysis technique described above, 
using 1 M NaCl, 0.05 m sodium acetate buffer. At pH 8, 4°, 
determinations at four different concentrations of Co++ gave a 
Keo value of 1.50 + 0.07 K 10-®m. For the [((CPD)Zn] system, 
Zn++ and Cot+ were dialyzed against the same metal-free enzyme 
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) 
[(CPD) Zn] 
Co** 


394 Metallocarboxy peptidases 


at concentrations which produced a mixture of [((CPD)Zn] and 
(CPD)Co] at equilibrium. Under these circumstances the fol- 
lowing relationship will exist: 

(Zn**) ([((CPD)Co}) | 
(Co**) (((CPD)Zn)) 


Substituting the previous value of Kc, = 1.50 x 10-* m the 
concentrations of the metal-protein species, and the concentra- 
tions of the free metal ions at pH 8, Kz, was calculated to be 
4.7 + 0.5 M, on four different samples. 


Kz. = (3) 


DISCUSSION 


As shown previously and confirmed here, carboxypeptidase 
loses activity in direct proportion to the amount of zinc removed 
(1). The zine-free apocarboxypeptidase does not bind the com- 
petitive inhibitor phenylacetate whereas both the native and 
zinc reactivated enzymes do.’ Activity is restored to the metal- 
free apocarboxypeptidase by the addition of zinc, cobalt, nickel, 
and manganese (2). The degree to which activity is restored, 
however, is a critical function of pH (Fig. 1). Since pH may 
influence enzymatic activity either by affecting the binding of 
the metal to the apoenzyme or by influencing the rate of cataly- 
sis, an attempt was made to separate these two effects. The 
enzyme was exposed to the metal ions at the given pH, but was 
assayed under standard conditions at pH 7.5. The dependence 
of activity on pH thus reflects metal binding; it differs from the 
dependence of the catalytic rate on pH determined for native 
carboxypeptidase (15). The effect of pH on the restoration of 
activity by zinc and manganese is markedly different from that 
shown by cobalt and nickel. Restoration of activity with zinc 
or manganese is affected little by changes of pH from 6 to 9, 
whereas with cobalt and nickel, restoration is maximal near pH 
8 and falls off sharply at lower and higher pH values. The in- 
terpretation of the restoration of activity and binding of the 
different metal ions to the enzyme as a function of pH poses a 
number of problems. Thus the formation of hydroxides in the 
alkaline range might be expected to account for the decrease in 
activity above pH 8 (16); but the presence of buffer anions sub- 
stantially complicates this interpretation. 

The data demonstrate clearly that the restoration of activity 
is a direct function of the binding of metal to the metal-free 
protein (Figs. 2 and 3). Zinc and cobalt were studied in detail 
by equilibrium dialysis with the use of Zn®> and Co® of known 
specific radioactivity. Dialysis of the metal-free apoenzyme 
against 1 X 10-‘ M zinc results in binding of 1.8 g atom of zinc 
per mole and an activity identical with that seen in the native 
enzyme. On dialysis against metal-free buffer, the zinc bound 
falls to 1 g atom per mole, the zinc content characteristic of the 
native enzyme. There is no change in activity as a result of the 
removal of freely dialyzable zinc. Therefore carboxypeptidase 
has at least two potential binding sites for zinc. One of these 
binds firmly, resulting in activity, the others bind weakly and 
do not result in activity. The extent to which freely dia- 
lyzable zinc may be bound has not been determined, but the 
fact that large excesses of zinc ions inhibit the enzyme indicates 
further extraneous binding. In contrast, when the metal-free 
enzyme is dialyzed against 1 x 10-4 m cobalt, a maximum of one 
g atom is bound and the pH functions for restoration of bound 
metal and of activity are correlated directly (Fig. 3). This close 
correlation clearly demonstrates the interdependence of the two 


5 J. A. Rupley and H. Neurath. Submitted for publication. 
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phenomena. A metal ion is required in order for catalysis to 
proceed, and the formation of the enzymatically active species is 


governed by the apparent equilibrium constant K = [(E)(Me)/ . 


(EMe)]. The catalytic efficiency of the enzymatically active 
species once formed depends on the particular metal ion present. 
Each resultant carboxypeptidase exhibits a characteristic pro- 
teolytic coefficient when determined with 0.02 m CGP under the 
conditions of assay used. 

The eventual appraisal of apparent differences in the levels of 
activity for the various metallocarboxypeptidases will depend on 
detailed knowledge of their kinetics. The kinetics of native zine 
carboxypeptidase are quite complex and have been the subject 
of extensive analyses (15, 17). On the basis of activity measure- 
ments alone, it is impossible to ascertain the mechanism by which 
this increased level of activity is achieved. It will be necessary 
to reassess factors such as optimal enzyme concentration, sub- 
strate concentration, and ionic strength which are known to 
affeet the kinetics, before a statement can be made concerning 
the mechanism resulting in the level of activity characteristic of 
each metallocarboxypeptidase. Such studies are in progress. 

However, the studies of metal binding demonstrate that the 
same site on the enzyme surface appears to be responsible for 
binding any one of the different metal ions, the binding of which 
results in activity. This interpretation is supported by the be- 
havior of the zinc enzyme when dialyzed against cobalt ions and 
that of the cobalt enzyme when dialyzed against zinc ions (Fig. 
6). The activity observed experimentally could at all times be 
predicted by calculation from the known characteristic levels of 
activity of the zinc and cobalt enzymes and their mole fractions 
present, (Fig. 6). Clearly, additional active enzymatic sites are 
not created. The high proteolytic coefficient of the cobalt en- 
zyme is thus characteristic of a single active site on the cobalt- 
protein and its influence on the catalytic hydrolysis of CGP. 
Chemical analyses of total zinc and cobalt bound to the enzyme, 
after replacment of the radioactive species by dialysis, confirm 
these conclusions. 

The behavior of the zinc and cobalt enzymes on prolonged 
dialysis against metal-free buffer demonstrates another feature of 
the change in characteristics of the enzyme, dependent on the 
species of metal ion bound. Zinc remains firmly bound to the 
enzyme and activity is unchanged during 144 hours of dialysis 
against metal-free buffer. The cobalt enzyme under the same 
conditions loses 40% of its activity and bound metal. Repeated 
dilutions of the cobalt enzyme in cobalt-free buffers will also 
result in dissociation and loss of activity. 

Although none of the metals including zinc indicates its pres- 
ence through any effect on the absorption of radiation, the pres- 
ence of cobalt in carboxypeptidase further induces a spectro- 
photometric change (Fig. 5) which may be employed to follow 
the formation of the cobalt-protein bond. Cobalt ions absorb 
maximally near 515 my, although the extinction is so low that 
10-4 m Co*+ is barely detected by this means. This absorption 
is markedly enhanced and shifted to 530 my on the binding of 
Co++ to the enzyme. The energy levels of the cobalt ion are 
thus modified through the ligand groups of the protein. The 
existence of this characteristic absorption further indicates the 
binding between cobalt and the specific ligand group of the 
enzyme. This provides a convenient analytical means for the 
detection of the amount of cobalt enzyme present and the kinetics 
of its formation and hence of its enzymatic activity. 

The highly specific nature of the bonds which carboxypepti- 
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dase forms with zinc and cobalt is also emphasized by the mag- 
nitude of the apparent dissociation constants, 4.7 + 0.5 x 10-° 
m and 1.50 + 0.07 x 10-° Mm, respectively. The fact that zinc 
is bound so much more firmly than is cobalt adequately accounts 
for the differential facility with which each of these ions is dis- 
placed by the other. It should be remembered, of course, that 
the absolute values of the dissociation constants may vary as a 
function of different buffer anions. 

Zinc is the only metal which has been encountered in the 
native, highly purified carboxypeptidase. The physicochemical 
characteristics of the enzyme (see above), for instance, would 
seem to favor the occurrence of zinc in preference to cobalt. The 
concentrations of zinc found in living systems are far greater than 
those of cobalt; moreover, the relative dissociation constants 
would favor the formation of a zinc protein. The enzyme is sub- 
jected to considerable variations of pH and dilution subsequent 
to its secretion by the acinar cells of the pancreas. The zinc 
enzyme would be distinctly less affected by both these variables. 
One might predict, however, that carboxypeptidases containing a 
metal other than zinc may exist and may yet be detected in 
nature by sufficiently sensitive methods. In fact, analyses of 
procarboxypeptidase have repeatedly shown, in addition to zinc 
(19), substantial concentrations of iron and nickel, although the 
preparations examined were not of the same purity as the en- 
zyme studied here. These metals have not been found in 
bovine carboxypeptidase A, prepared by the methods available 
(1). It should be remembered, however, that the range of pH 
used in these present methods of preparation would be likely to 
dissociate other activating metal ions. Additional carboxypep- 
tidases, differentiated by their content of different metals, may 
well exist, if not in the bovine, possibly in other species. 

The present data do not give any additional specific informa- 
tion concerning the chemical identity of the groups which bind 
the metals to the protein. The elucidation of the nature of these 
groups is presently under study. Similarly, the present experi- 
ments give no information concerning changes that might be 
induced in the kinetics or in the specificity of carboxypeptidase 
by substitution of the different metals for one another. These 
problems are also being explored. The data do emphasize the 
cardinal importance of a metal-protein bond in the catalytic be- 
havior of carboxypeptidase. 


SUMMARY 


Removal of zinc from carboxypeptidase produces an inactive, 
metal-free apoenzyme. Activity can be restored to the apoen- 
zyme by the ions Zn*+, Cot*+, Nit+, Mnt*+, and Fe++. The 
restoration is a function of pH for all the ions and is character- 
istic for each. At pH 8.0 with 0.02 mM carbobenzoxyglycyl-L- 
phenylalanine as the substrate, the magnitude of the activity 
restored, expressed as the proteolytic coefficient, (C), is in the 


6B. L. Vallee, P. J. Keller, and H. Neurath, unpublished data. 
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order Cot+ > Nit++ > Zn++ > Mntt+ > Fet+. The cobalt 


-enzyme demonstrates from 180 to 220% and the nickel enzyme 


demonstrates from 110 to 130% of the activity of the zine en- 
zyme under these conditions. Between pH 6 and 10, cobalt and 
nickel carboxypeptidase are much more sensitive to pH than are 
the zinc and manganese enzymes. 

Although the apoenzyme has at least two sites of binding for 
zinc, only the binding to one of them results in activity. One 
gram atom per mole of cobalt, nickel, and manganese is bound to 
the apoenzyme at the pH of maximal activity of each of these 
metallocarboxypeptidases. 

Equilibrium dialysis indicates that cobalt and zine occupy the 
same site on the enzyme surface, since they may displace one 
another. At pH 8, 4°, the apparent dissociation constant in 1 
M NaCl, 0.05 m _ tris(hydroxymethyl)aminomethane, 0.05 m 
sodium acetate buffer, of the zinc carboxypeptidase, 4.7 + 0.5 x 
10-* m, is 300 times less than that of cobalt carboxypeptidase, 
1.50 + 0.07 K 10-*m. Zinc displaces cobalt faster and at lower 
zinc concentrations than those observed for the reverse reaction. 


Acknowledgment—Our thanks are due to Thomas L. Coombs 
and Dr. Hans Neurath for helpful discussions and suggestions. 
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Chemical Derivatives of o-Chymotrypsinogen 


III. REACTION WITH N-ACETYL-pL-HOMOCYSTEINE THIOLACTONE* 


M. Aspapift AND Puiuie E. Witcox 


From the Department of Biochemistry, University of Washington, Seattle 5, Washington 


(Received for publication, October 13, 1959) — 


The reactions of a-chymotrypsinogen with carbon disulfide 
and with O-methylisourea have been reported from this labora- 
tory previously (1,2). The present report concerns the reaction 
of this protein with a new acylating agent, N-acetyl-pL-homo- 
cysteine thiolactone. The use of the thiolactone for the intro- 
duction of sulhydryl groups into proteins was first suggested by 
Benesch and Benesch (3, 4) who carried out exploratory studies 
with glycine, glycylglycine, and gelatin. The relatively mild 
conditions employed for these reactions indicated that the 
thiolactone would acylate amino groups of proteins without 
damaging the native structure. By analogy with acetic an- 
hydride, one would expect acylation to be directed specifically 
toward amino groups. Reaction of a-amino groups could be 
favored over reaction of €-amino groups by control of pH and, 
consequently, the degree of ionization of amino groups, as was 
done in reactions with carbon disulfide (1). 

The aim of the present work was to find experimental condi- 
tions for the synthesis and isolation of the monoacylated deriva- 
tive of a-chymotrypsinogen in which only the single a-amino 
group was acylated. Studies of the protein were preceded by 
experiments on the hydrolysis of the thiolactone and on aminol- 
ysis by model compounds, diglycylglycine and €-amino caproic 
acid, at various pH values. The reaction of a-chymotrypsinogen 
with thiolactone proved to be more complicated than antici- 
pated. Chromatography on columns of carboxymethy] cellulose 
led to the separation of the reaction product into a number of 
components, some of which have been characterized. 


EXPERIMENTAL 
Materials 

Bovine a-Chymotrypsinogen was supplied by Wilson Labora- 
tories and by the Worthington Biochemical Corporation. The 
protein was purified further by recrystallization and was treated 
with diisopropylphosphorofluoridate as described previously (1). 
Before inhibition, the esterase activity of the purified protein 
corresponded to less than 1% chymotrypsin. 

Trypsin, twice crystallized, was obtained from Worthington 
Biochemical Corporation and contained 50% MgS0O.. 

N-Acetyl-DL-homocysteine thiolactone (m.p., 109-110°) was syn- 
thesized by acetylation of pt-homocysteine thiolactone hydro- 


* The material presented in this paper is taken in part from the 
thesis of Djahanguir M. Abadi which was submitted in partial 
fulfillment of the requirements for the degree of Doctor of Phil- 
osophy, University of Washington, Seattle, 1958. 

t Present address, Pacific Northwest Research Foundation, 
Swedish Hospital, Seattle, Washington. 


chloride (3). The latter compound was purchased from Schwarz 
Laboratories, Inc. 

Diglycylglycine was obtained from Hoffmann-La Roche, Inc. 
and ¢-amino caproic acid was purchased from Distillation Prod- 
ucts Industries. 

Methylmercury nitrate was prepared as a 0.1 solution by 
mixing equivalent weights of silver nitrate dissolved in water 
with methylmercury bromide dissolved in ethanol, filtering, and 
diluting to the appropriate volume with water. The methyl- 
mercury bromide was synthesized by the procedure of Hinkel 
and Angel (5). 

Carboxrymethyl cellulose was prepared from Whatman standard 
grade cellulose powder by the method of Ellis and Simpson (6). 
One treatment with chloroacetate in NaOH solution gave a prod- 
uct which contained 0.52 milliequivalent of acid per g. A second 
treatment gave a product which contained from 0.8 to 0.9 mil- 
liequivalent of acid per g, and it was this material which was used 
for chromatography in the present work. 

N ,N’-Diphenylthvocarbazone was obtained from G. Frederick 
Smith Chemical Company and was used without further purifi- 
cation. 

Nitrogen gas from a commercial cylinder was freed of all oxygen 
by passage through a column of hot, freshly reduced copper 
wire. 

All other chemicals were purchased commercially and were 
chemically pure, reagent, or analytical grade, whichever was ap- 
propriate for the particular use. 


Methods 


Hydrolysis of N-Acetyl-pit-homocysteine Thiolactone—The hy- 
drolysis of the thiolactone at pH values near 7 or 8 results in the 
production of one equivalent of hydrogen ion: 


H 
CH;CO—NH—C——_C =O 
| + H.O one 
CH. 
CH, 
H 
| 
| + Ht 
CH.—SH 
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The rate of hydrolysis was determined by measuring the con- 
sumption of 0.02 n NaOH in a recording pH-stat (7). Due con- 
sideration was given to those factors which affect the accuracy 
of such measurements (8). The reaction vessel was similar to 
the one described by Dixon et al. (9), but had a capacity of 30 
ml. Constant temperature water was circulated through the 
jacket. Hydrolysis was carried out in water or dilute KCl solu- 
tion. 

Reaction of N-Acetyl-pt-homocysteine Thiolactone with Model 
Compounds—Aminolysis results in the formation of a new pep- 
tide bond and the generation of a sulfhydry! group. 


H 


| 
CH; CO—NH—C——C=0 
+ RNH, 


| 
CH;CO—NH—C—CO—NH—R 
CH, 


CH.—SH 


The reaction was followed by measuring the decrease in con- 
centration of amino groups as determined by the colorimetric 
ninhydrin method. The reaction was carried out in 1 mM phos- 
phate buffers with the model compounds at a concentration of 
5 < 10-3 m and the thiolactone at a molar concentration 2 to 5 
times greater. The pH of the buffers varied from 7 to 8. Ami- 
nolysis was allowed to proceed at 25° under an atmosphere of 
nitrogen. From time to time duplicate samples of 0.100 ml were 
removed and the concentration of unreacted amine determined. 
As a control, the color yield of a standard amount of amine was 
determined with the same reagent. The ninhydrin reagent and 
the procedure used in this laboratory have been described previ- 
ously (10); the average deviation is approximately 1.5%. 

Reaction of Thiolactone with a-Chymotrypsinogen—Reactions 
with protein were carried out at constant pH under control of a 
pH-stat (7). A sample of lyophilized, salt-free chymotrypsin- 
ogen was dissolved in boiled distilled water which had been 
saturated with nitrogen gas. The pH was adjusted to 7.5 and 
the protein was treated with diisopropylphosphorofluoridate. 
The solution was clarified by centrifugation and the concentra- 
tion was adjusted to the desired value. Protein concentration 
was determined routinely by measurements of absorbancy at 282 
mu (a, = 20.0, 1% solution). The reaction vessel consisted of 
a jacketed beaker with a capacity of about 20 ml. Constant 
temperature water at 25° was circulated through the jacket. 
For large scale preparations of the protein derivative, a covered 
wide-mouth jar (250 ml) was used as the reaction vessel and the 
reaction was performed at room temperature. 

Weighed amounts of N-acetyl-pt-homocysteine thiolactone 
were added to the protein solution in the reaction vessel such 
that the final molar concentration of thiolactone was 10 to 15 
times larger than the molar concentration of protein. The pH 
was adjusted and kept at the desired value by the automatic 
addition of a standardized NaOH solution. Throughout the 
course of the reaction the vessel was flushed with a small stream 
of nitrogen gas saturated with water vapor. At the termination 
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of the reaction period, sulfhydryl groups produced by both ami- 
nolysis and hydrolysis were blocked by the addition of methyl- 
mercury nitrate in an amount which was estimated from the 
total base consumption of the pH-stat. Finally, the reaction 
mixture was exhaustively dialyzed for 3 to 4 days against 0.001 
M HCl and the protein was lyophilized. 

Estimation of Homocyteine in Protein Derivatives—The num- 
ber of moles of homocysteine incorporated per mole of protein 
was determined by oxidation of the protein derivative with per- 
formic acid, hydrolysis with 6 N HCl, and estimation of homo- 
cysteic acid in the hydrolysate. The procedure was similar to 
that described previously (10) except that the evaporation of 
water and acid in every instance was carried out in an all glass 
rotary evaporator under vacuum at room temperature. Homo- 
cysteic acid was estimated by the chromatographic method of 
Schram et al. (11); homocysteic acid is separated from cysteic 
acid and other acidic amino acids on columns of Dowex 2-X10 
(0.9 X 25cm). The amount of amino acid in effluent fractions 
was determined by the colorimetric ninhydrin reaction. When 
a mixture of known amounts of L-cystine and pL-homocysteine 
thiolactone were subjected to analysis, the yields of sulfonic 
acids were 97.5 and 96.5%, respectively. Since the recovery of 
cystine as cysteic acid from a-chymotrypsinogen by the above 
procedure has been found to be 90 + 5%, the analytical values 
for homocysteine in protein derivatives have been corrected for 
an assumed loss equal to the loss for cystine. 

The chromatographic method required about 1 umole of pro- 
tein for each analysis. A more sensitive but somewhat less ac- 
curate estimation of homocysteic acid was performed by high 
voltage electrophoresis (12) which required only 0.1 umole of 
protein for each analysis. According to the procedure used in 
this laboratory (13, 14), homocysteie acid was separated from 
cysteic acid at pH 3.6 (acetic acid-pyridine-water; 1:10:89) after 
30 minutes of electrophoresis at 1500 volts. The spots on the 
paper were eluted and were estimated by the colorimetric nin- 
hydrin method (13). The mean deviation of six or more analyses 
was 3%, although the error in a single analysis was sometimes as 
much as 10%. 

Estimation of Methylmercury in Protein Derwatives—Two dif- 
ferent methods were used for the estimation of methylmercury 
in samples of protein. The first method was a direct titration 
with a standard solution of N ,N’-diphenylthiocarbazone (di- 
thizone) carried out in homogeneous solution.! In a typical 
analysis, 1 ml of an aqueous solution of the protein derivative 
containing about 1 umole of methylmercury and up to 50 mg of 
protein was treated in a 15-ml test tube with one drop each of 
0.2 m iodoacetamide, 0.1 m NaCN, and 1.0 m Na.CO;3. After 
alkylation of sulfhydryl groups had proceeded for 10 minutes at 
room temperature, one drop of 1.0 m trisodium ethylenediamine- 
tetraacetate and 3.0 ml of N ,N’-dimethylformamide-acetic acid 
(4:1 by volume) were added. The mixture was titrated with a 
standard solution of dithizone in n-butanol saturated with water. 
Fresh reagent at a concentration of 5 K 10-* M was prepared 
each day from a stock solution at 5 X 10-* m. The primary 


1 The direct titration procedure was based on the method de- 
veloped some years ago by Dr. Walter L. Hughes, Jr., at the De- 
partment of Physical Chemistry, Harvard Medical School, for the 
estimation of mercury and methylmercury in proteins, particularly 
mercury complexes of mercaptalbumin. A mixture of pyridine 
and acetic acid was not a suitable solvent in the present work and 
was replaced by N, N-dimethylformamide: acetic acid in which the 
protein was soluble throughout the titration. 
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standard was a weighed sample of liquid mercury dissolved in 
nitric acid and diluted to 10-3 m. Dithizone solution was intro- 
duced from a semimicro buret and the end point in the orange 
solution was taken as the first perceptible brown discoloration 
caused by free dithizone. The precision of all titrations in the 
range of 1 umole was within about +2%. It was assumed that 
at the respective end points each mercuric ion was bound to two 
dithizone molecules as the keto complex and each methylmercury 
ion was bound to one dithizone molecule as the enol complex. 
This assumption was substantiated by titration of solutions of 
methylmercury nitrate prepared from weighed amounts of meth- 
ylmercury bromide. 

The second method consisted of the complete oxidative di- 
gestion of the protein, the quantitative cleavage of methylmer- 
cury to give divalent mercuric ion, the extraction of the mercury 
with a chloroform solution of dithizone, and the estimation of 
the mercuric dithizone complex by the spectrophotometric 
mixed color method (15). The procedure which gave dependable 
and valid results was suggested by the work of Cholak and Hub- 
bard (16) on the estimation of mercury in biological materials. 
In a 100-ml Kjeldahl flask were placed the following in the order 
given: several glass beads; 1.00 ml of a solution of the protein 
derivative containing about 1 umole of methylmercury; 4 ml of 
a saturated solution of KMnQ,; and 2.0 ml of a mixture of con- 
centrated sulfuric and nitric acids, equal parts by volume. 
Care was taken to leave the neck of the flask clean and dry. A 
tightly fitted cold finger was inserted through the neck of the 
flask and within 1 cm of the digestion mixture. The mixture 
was heated carefully to reflux and was boiled continuously for 
2 hours. It was found that the precipitate of manganese dioxide, 
which formed in the mixture must persist throughout the diges- 
tion; otherwise an erroneously low amount of mercury was found 
in the spectrophotometric estimation and the use of more per- 
manganate was indicated. After the digestion mixture was 
cooled, it was treated with 3 ml of a hydroxylamine hydrochloride 
solution (concentration, 50 mg per ml). The colorless solution 
was transferred to a 100-ml volumetric flask, and the reaction 
flask was washed thoroughly with 2 ml of the hydroxylamine 
hydrochloride solution and sufficient water to bring the total 
combined volume to 100 ml. An aliquot of this latter solution, 
20 to 40 ml, was diluted to 100 ml with water and was extracted 
in a separatory funnel with 25.0 ml of a cold chloroform solution 
of dithizone. Fresh dithizone solution at a concentration of 20 
mg per liter was made up from a refrigerated stock solution 5 
times more concentrated. Absorbancy of the extract was meas- 
ured at 490 my and 610 my with a Beckman model B spectro- 
photometer with a light path of 10mm. The amount of mercury 
in the unknown sample was estimated by comparing the absorb- 
ancy at 490 my with the values of a standard curve plotted for 
known amounts of mercury between 0.04 to 0.4 umole. The 
standard curve was obtained by extracting aliquots of the pri- 


TABLE I 
Characteristics of chromatographic columns 


3 cm? cm liters ml hr.~' 
0.64 40 0.30 | 0.05-0.10 6 
Intermediate............ 3.1 | 60 3.00 | 0.50-1.00 30 
Preparative............. 28.0 60 20.00 5.0 -10.0 | 300 
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mary standard solution of mercuric nitrate from 100 ml of water 
containing 1.0 ml of concentrated sulfuric acid and 50 mg of 
hydroxylamine hydrochloride. Precautions were used to pro- 
tect the dilute dithizone solution from decomposition by keeping 
the solution cold and away from light even during the extraction 
procedure. When absorbancy at 610 my indicated excessive loss 
of dithizone resulting from light or from oxidation by nitric acid, 
the results of the assay were discarded. Under carefully con- 
trolled conditions, the error of the method was less than 2% at 
the level of 1 umole of methylmercury in the digested protein 
sample. In control experiments, the recovery of mercury from 
an equimolar mixture of a-chymotrypsinogen and methylmer- 
cury nitrate was 98 + 1%. 

Column Chromatography of Protein Derivatives—The product 
of the reaction of a-chymotrypsinogen with thiolactone was ana- 
lyzed by chromatography on columns of carboxymethy] cellulose. 
The isolation of larger quantities of the principal components 
was achieved by increasing the cross section of the column 45- 
fold with no significant loss of resolving power. The columns 
were packed with a slurry of carboxymethyl cellulose in 0.01 m 
potassium phosphate buffer at pH 6.20 under gas pressure of 8 
to 10 pounds in.~*. Other characteristics of the columns and 
their operation are given in Table I. 

The sample of salt-free protein was dissolved in the 0.01 m 
phosphate buffer (15 to 50 mg of protein per ml), the solution 
was placed on the column, and elution was carried out with a 
nonlinear gradient of phosphate buffer. In each case the mixing 
vessel was filled with 0.01 m buffer into which 0.25 m buffer, pH 
5.95, was introduced. In later experiments, the 0.25 m buffer 
was replaced by 0.20 m buffer in order to obtain higher resolution, 
and a linear gradient was used for the preparative column. All 
operations were carried out in the cold room at 5°. Usually a 
fresh column of carboxymethyl! cellulose was used for each sep- 
aration, but no impairment of the column was evident even after 
it had been used several times, each run being followed by pro- 
longed washing with 0.25 m buffer. 

Activation of Protein Derivatives—Tests of the degree to which 
the protein derivatives may be activated with trypsin were made 
by a procedure similar to that of Bettelheim and Neurath (17). 
For such rapid activations the concentrations of zymogen and 
trypsin were 15 mg per ml and 0.7 mg per ml, respectively, and 
the solutions contained 0.1 Mm tris(hydroxymethyl)aminometh- 
ane buffer and 0.05 m CaCl. Esterase activity toward acetyl-L- 
tyrosine ethyl ester was determined by the potentiometric 
method with a pH-stat (18). 

Reaction with Carbon Disulfide—a-Chymotrypsinogen and the 
various derivatives were reacted with CSe2 according to the 
method of Chervenka and Wilcox (1). Reversal of the reaction 
and estimation of the recovered CS: were carried out by the 
methods described in the same paper. 


RESULTS 


Hydrolysis of N-Acetyl-p~-homocysteine Thiolactone—Typical 
results of experiments on the rate of hydrolysis of thiolactone at 
various pH values are shown in Fig. 1. The concentration of 
thiolactone was about 3 times that used in reactions with a- 
chymotrypsinogen. Since in all cases less than 0.1% of the 
thiolactone was hydrolyzed, the slope of each linear plot gives 
the initial rate of the reaction. Measurements over a pH range 


of 7.0 to 8.5 and at concentrations of thiolactone between 4 and 
7 x 10-? m demonstrated that the reaction is first order with 
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(A) 


0.77- (B) 


0.66 


0.55- 


0.44- (Cc) 


# moles of NaOH 


0.33- 
(D) 


0.22- 


0.14 - 


2 4 6 8 10 

Minutes —> 

Fic. 1. Hydrolysis of N-acetyl-pL-homocysteine thiolactone as 
measured by the consumption of 0.208 n NaOH in a pH-stat at 
25°. Data was read directly from recorder chart. Initial con- 
centration of thiolactone was6.71 X 10-2 mM; A, pH 8.0; B, pH 7.6; 
C, pH 7.3; and D, pH 7.0. 


respect to concentration of hydroxyl] ion and first order with re- 
spect to concentration of thiolactone (Table II). Addition of 
KCI results in reduction of the rate of hydrolysis. 

The basic hydrolysis of simple carboxylic esters is also first 
order with respect to hydroxy] ion and to ester, and salt likewise 
causes a decrease in rate of hydrolysis. Although the second 
order rate constant for the hydrolysis of the thiolactone is con- 
siderably larger than the rate constant for simple esters (19), it 
is plausible to assume that both reactions have similar mecha- 
nisms, t.e. the hydrolysis of thiolactone is initiated by a nucleo- 
philic attack of a hydroxy] ion on the carbonyl] carbon. 

Reaction of N-Acetyl-pi-homocysteine Thiolactone with Model 
Compounds—The molar concentration of diglycylglycine was 
chosen to be approximately the same as the molar concentration 
of protein which was used in subsequent experiments. Fig. 2 
shows the gradual decrease in concentration of the a-amino 
groups at pH 7.52 for various initial concentrations of thiolactone. 
From the initial slopes of the rate curves, apparent second order 
rate constants were calculated. As a result of the experiments 
on hydrolysis at pH 7.5 it was known that the small loss of 
thiolactone by hydrolysis would have no significant effect on these 
calculations. A constant value, 5.8 10-4 sec.-! (mean 
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deviation, 0.3 X 10-*), was obtained over a range of concentra- 
tions of thiolactone from 1 to 3 x 10-2 mM. This apparent rate 
constant was calculated with the assumption that all molecules 
of peptide were equally reactive, regardless of their charge. 
Actually, the rate of acylation is pH dependent, as shown in 
Table III. The alternative assumption that reactivity of the 
peptide is due exclusively to the unprotonated species is not 
supported by the data, since correction of k’ for degree of dis- 


TABLE II 


Second order rate constants for hydrolysis of 
N-acetyl-pL-homocysteine thiolactone, 25° 


Each value of the rate constant, k, is the average of at least 
five independently determined rate constants over a range of pH 
from 7.0 to 8.5. The rate constant is defined by the equation, 


= ka(OH-)?, where a is the concentration of thiolactone. 


Values of zx, the order with respect to hydroxyl ion, are also aver- 
ages, and the average deviation in k is indicated. 


M X 10? | mM sec. 
6.71 water oe 4.2 + 0.6 
4.02 water | 1.03 4.5 + 0.6 
6.66 0.10mKCIl 2.8 + 0.3 
4.99 0.10m KCI | 1.03 2.8 + 0.2 


> 
% 
A 
2 
x 06- 
0.5- 
Cc 
0.4- 
D 
0.3- 
10 20 30 40 


Hours 


Fic. 2. Decrease in the concentration of amino groups at pH 
7.52 and 25° as the result of the reaction of diglycylglycine with 
N-acetyl-pL-homocysteine thiolactone. Absorbancy at 570 my is 
plotted on the ordinate for each aliquot after treatment with 
ninhydrin reagent. Initial concentration of diglycylglycine was 
5.3 X 10-3 mM. Initial concentrations of thiolactone were A, 11.3; 
B, 17.0; C, 22.7; and D, 28.6 K 1073 M. 


.2 
ter 
of 
O- 
ng 
on 
OSS 
id, 
at 
2in 
a- 
ta 
8 
M 
Nn 
a 
1.2 
n, 
ll if 
a 
a 1.0 
er 
>. 
0.9 
h 
ie 
). 
d 
d 
C 
e 
n 
e 
t 
f 


400 


TaBLeE III 


Variation of apparent second order rate constants with pH for 
reaction of N-acetyl-pi-homocysteine thiolactone 
with diglycylglycine 
Each reaction mixture contained 5 X 10-* m diglycylglycine and 
25 X 10-3 m thiolactone in 1.0 m phosphate buffer. Initial rates 
of reaction were determined in such a way that loss of thiolactone 
by hydrolysis had no significant effect on the apparent rate con- 


stant k’. In calculating a, the degree of dissociation of the pep- 
tide, the value of pK. was taken to be 7.9. 
pH a k’ X 104 k’/a X 104 
sec.) sec. 
7.00 0.11 3.2 29 
7.20 17 4.8 28 
7.48 27 5.7 23 
7.74 .43 9.0 21 
8.02. 55 10.7 19 
TaB_Le IV 


Extent of acylation of various preparations of 
a-chymotrypsinogen derivatives at pH 7.6 


mM xX 103 mM X 108 hrs moles 
1 1.3 13 6 trace 
2 1.3 13 12 trace 
3 1.3 13 26 0.3 
4 1.3 21 72 1.2 
5 1.3 21 74 1.1 
6 1.3 26 98 1.8 
7 1.5 21 61 0.9 
8 2.0 20 96 1.7 


sociation of the amino group, as shown in the last column of 
Table III, does not give a constant which is invariable with pH. 

Although the present data are not extensive enough to eluci- 
date the mechanism of acylation of an amino group by N-acetyl- 
pi-homocysteine thiolactone, it appears that although the reac- 
tivity of the protonated amine is less than that of the 
unprotonated amine, the unprotonated species is not solely re- 
sponsible for reaction with thiolactone. 

Similar data were obtained for the reaction between ¢e-amino- 
caproic acid and N-acetyl-pL-homocysteine thiolactone. At pH 
7.52 and 25°, the apparent second order rate constant was found 
to be 1.2 * 10-4m~' sec.-!. In other words, the rate of reaction 
of the €-amino group was 5 times less than the rate of reaction of 
the a-amino group of the peptide under similar conditions. At 
pH 8.0 the factor was only 3. As in the case of the peptide, no 
simple relation could be found between the concentration of the 
unprotonated species of €-amino caproic acid and the rate of 
acylation of the amino group. 

Reaction of N-Acetyl-pi-homocysteine Thiolactone with a-Chy- 
motrypsinogen—In the early experiments considerable precipita- 
tion occurred when the concentration of chymotrypsinogen was 
10% or higher and the thiolactone was present in 10-fold molar 
excess. In the later experiments in which lower concentrations 
(3 to 6%) of the protein were used, little or no precipitation 
occurred. Analysis of the protein recovered from various reac- 
tion mixtures indicated gradual incorporation of N-acetyl- 
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homocysteine into the molecule of a-chymotrypsinogen. Typi- 
cal results are given in Table IV. 

At pH 7.2 the rate of acylation of a-chymotrypsinogen was 
found to be too slow for the practical preparation of derivatives. 
Even at pH 7.5, four days at 25° were required to reach a level 
of incorporation of homocysteine approaching 2 moles per mole 
of protein. At pH 8.0 the rate was appreciably higher; in 98 
hours, 5.6 moles of homocysteine per mole were incorporated. 

Electrophoretic analyses of the various preparations also gave 
evidence for the gradual acylation of the protein as evidenced by 
the appearance of components with lower mobility. It was ap- 
parent from electrophoretic patterns such as those shown in Fig. 
3 that reaction with the thiolactone resulted in the synthesis of a 
number of distinct derivatives. The major peak in these pat- 
terns for reaction at pH 7.5 represents unreacted a-chymo- 
trypsinogen as judged by its electrophoretic mobility, 3.74 x 
10-5 cm? volt-! sec.-! (20). The electrophoretic pattern of the 
reaction product obtained at pH 8 containing 5.6 moles of homo- 
cysteine per mole shows many components, although none cor- 
responded to unreacted protein, and none amounted to a large 
fraction of the whole. 

Chromatography of Reaction Products—Preliminary investiga- 
tions of various preparations by means of chromatography on 
the small column of carboxymethyl] cellulose confirmed the 
presence of a number of components in each. Again the major 
component in reaction products prepared at pH 7.5 corresponded 
to unreacted a-chymotrypsinogen, as judged by the fraction 
number at which it was eluted. A similarity between the chro- 
matographic patterns (Fig. 4) and the electrophoretic patterns 
was evident. The analysis of the reaction product prepared at 
pH 8 indicated the presence of a large number of polysubstituted 
derivatives with very few, if any, monosubstituted derivatives. 

From these preliminary analyses it appeared that monosub- 
stituted derivatives occurred in the largest relative amounts in 
preparations for which the degree of acylation lay between 1.3 
and 2. Further discussion will be concerned with such prepara- 
tions. 

Analyses of the major chromatographic fractions of the prep- 
aration shown in Fig. 4 by the method which uses high voltage 
paper electrophoresis gave the following results in moles of homo- 
cysteic acid per mole of protein: A, trace; B, 0.9; C, 1.0; D, 1.5; 
and E, 2.4. Fraction A is identified conclusively as unreacted 


a-chymotrypsinogen. Both Fractions B and C are largely mono- 
Descend Ascend 


o. 351 min. 


b. 466 min. 


c. 436 min. 


Fic. 3. The electrophoretic patterns of reaction products of 
a-chymotrypsinogen with different contents of homocysteine: a, 
1.1 and 6, 1.7 moles per mole of protein, both reactions at pH 7.5; 
c, 5.6 moles per mole of protein, reaction at pH 8. Analyses were 
performed in 0.1 m acetate buffer at pH 4.97 with the use of the 
Spinco model H apparatus. Time of electrophoresis is indicated. 
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substituted, whereas di- and trisubstituted derivatives appear 
in the subsequent effluent fractions. 

Chromatography on columns of intermediate size with the 
elution gradient between 0.01 m and 0.25 m buffer gave patterns 
closely similar to those obtained with analytical columns. The 
larger column provided enough material for analysis by the 
method of oxidation, hydrolysis, and column chromatography. 
The elution diagram for a typical estimation of homocysteic acid 
is shown in Fig. 5. Fraction C was found to contain 1.15 moles 
of homocysteine per mole protein by this method. Rechroma- 
tography of this fraction on a column 60 cm long resulted in its 
separation into two components, C; and Cz, in a ratio of about 
3 to 1 as shown in Fig. 6. Analysis of component C; gave a 
value of 0.99 mole of homocysteine per mole. Presumably frac- 
tion C2 is a disubstituted derivative. 

Reaction with Carbon Disulfide—Further information about 
the chemical nature of Fraction C was obtained by testing its 
reactivity toward CS2. It had been shown previously that CS. 
at pH 6.9 reacts specifically with the single a-amino group of 
a-chymotrypsinogen. Complete substitution of the a-amino 
group may be achieved with less than 5% reaction at ¢-amino 
groups. When Fraction C was treated with CS: and the product 
was analyzed, only 0.07 mole of CS: per mole of protein was re- 
covered. In a parallel experiment under identical conditions, 
unacylated a-chymotrypsinogen gave 1.04 moles of CS. per mole. 
It may be concluded that Fraction C and, therefore, C; and C2 
are completely acylated on the a-amino group. 

Physical Properties of Fraction C:—The electrophoretic pat- 
tern of fraction C; is shown in Fig. 7. Under the conditions of 
the experiment, this fraction behaves as a single electrophoretic 
component with a mobility of 3.2 x 10-5 cm? volt“! sec.-!. The 
reduction in mobility from the value for a-chymotrypsinogen 
(3.8 < 10-5 cm? volt~! sec.—, 0.1 M acetate buffer, pH 4.97) is 
consistent with the reduction of the net positive charge by one 
unit as a result of the acylation of the a-amino group. 

Fraction C, also behaved as a single component in the ultra- 
centrifuge. The sedimentation diagrams in Fig. 8 were used to 
calculate a sedimentation constant of 820,. = 2.98. At the same 
concentration and in the same solvent a-chymotrypsinogen has a 
sedimentation constant of 80,. = 2.45 S (20). The derivative 
would be expected to have a slightly larger constant because of 
the increase in molecular weight by 375 units. 

A comparison of the ultraviolet absorbancy of Fraction C, and 
a-chymotrypsinogen, either at pH 3 or in 0.1 N NaOH, showed 
no significant differences. The molar absorbancy index of the 
derivative was slightly higher than that of the parent protein at 
wave lengths below 260 my and this relationship was reversed 
in the region of maximum absorption around 280 mu. However 
the maximum difference was less than 4%. 

Rapid Activation of Chromatographic Fractions—Each of the 
Fractions A, C, D, and E of the preparation shown in Fig. 4 was 
treated with trypsin under conditions of rarid activation along 
with a sample of the original a-chymotrypsinogen acting as a 
control. The results of the measurements of esterase activity 
are presented in Table V where the rates of the enzymatic reac- 
tions are compared. The final level of activity is the same within 
experimental error for each fraction and is about 90% of the 
activity obtained from the a-chymotrypsinogen control. There- 
fore, it is probable that chemical changes have had no effect on 
the activity of the derivatives. The fact that the fractions from 
the column, including Fraction A which is unreacted protein, be- 
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Fig. 4. Chromatographic elution diagram for an analysis of 56 
mg of a reaction product containing 1.7 moles of homocysteine per 
mole of protein ( ). The elution diagram for a-chymotryp- 
sinogen is shown for comparison (-—--). Elution of the ana- 
lytical column of carboxymethyl] cellulose was performed with a 
nonlinear gradient of phosphate buffer between 0.01 m and 0.25 m. 


1.8; 
Cysteic Acid 
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Absorboncy 
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60 70 80 90 100 110 120 = 130 
Number of Effluent Fractions 
Fic. 5. Chromatographic analysis of Fraction C on a column of 
Dowex 2 ion exchange resin (0.9 X 25 em) after oxidation and 
hydrolysis according to the method of Schram et al. (10). Ab- 
sorbancy at 570 my is plotted on the ordinate for each effluent 
fraction after treatment with ninhydrin reagent. 


come activated somewhat more slowly, and the final activity is 
somewhat less than that of the original chymotrypsinogen re- 
main unexplained. Similar behavior has been shown by other 
a-chymotrypsinogen derivatives (2). 

Large Scale Preparation of Monoacylated Derivative—In order 
to obtain quantities of a single component such as C, weighing 
up to 1 g, it was necessary to increase the scale of preparation 
and fractionation. For example, in one large preparation, 9.8 g 
of protein in 200 ml of water were treated with 0.65 g of thiolac- 
tone (2 X 10-* m and 20 X 10-* M, respectively) at pH 7.5 for 
98 hours. At the termination of the reaction, 1.0 X 10-* mole 
of methylmercury nitrate was added. The yield of lyophilized 
product, after small amounts of insoluble protein had been re- 
moved by centrifugation at the beginning and end of the reac- 
tion, was 94 %. 

Attempts to fractionate the reaction product by precipitation 
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Fic. 6. Chromatographic elution diagram of Fraction C from an intermediate column of carboxymethyl] cellulose 60 cm long. 
Elution by nonlinear gradient of Rhosphate buffer between 0.01 m and 0.25 m. 


Ascend 


Descend 
—> 
Fic. 7. The electrophoretic pattern of Fraction C,;. Analysis 


was carried out for 200 minutes in 0.1 m acetate buffer at pH 4.97 
with the use of the Spinco model H apparatus. 


Fic. 8. Sedimentation patterns for Fraction C,, 1.0% solution 
in 0.1 m glycine buffer at pH 3.0. The pictures shown here were 
taken at 8, 24, 48, and 88 minutes. Analysis was carried out at 


58,268 r.p.m. in a Spinco model E analytical ultracentrifuge at 
20°. 


with graded concentrations of (NH4)2SO4 were unsuccessful. 
The ratios of the principal chromatographic fractions, A through 
E, were not altered to a useful degree in the insoluble or soluble 
phases. Therefore, it was necessary to resort to many separa- 
tions on the carboxymethyl! cellulose columns of intermediate 
size or to employ the larger 6.0-cm preparative column. Resolu- 
tion was increased with the use of a lower gradient between 0.01 
m and 0.20 m phosphate buffer. A typical elution diagram is 
shown in Fig. 9. It may be noted that a partial resolution of 
Fractions C, and C2 was achieved and that these fractions are 
well separated from unreacted protein. A summation of ab- 
sorbancy under each of the various peaks indicated the follow- 
ing yields as % of the total product: A plus B, 55; Ci, 11; C2, 
5; and D, 14. 

Methylmercury Content of Derivatives—Analyses for methy]- 
mercury in the total reaction product and in various fractions of 
a large scale preparation (see Fig. 9) are presented in Table VI. 


At first, when direct titration indicated the ratio of methyl- 
mercury to homocysteine in the product to be less than 1.0, it 
was thought that possibly not all of the methylmercury in the 
protein was titrated with dithizone. Analyses of les which 
had been completely digested with sulfuric and nitri¢ acids plus 
permanganate proved that the titration method had given the 
correct value for total methylmercury. 

It may be noted from Table VI that Fraction A contained 
essentially no mercury, in accord with the fact that it contained 
no homocysteine. Fraction X (see Fig. 9) contained the most 
mercury. Since this fraction emerged from the column after 
unsubstituted protein, it is regarded as a degradation product 
which had reacted with excess methylmercury. 

Fraction C,, which contained 0.99 mole of homocysteine per 
mole of protein but only 0.3 mole of methylmercury, gave no 
positive test for sulfhydryl group with nitroprusside. Removal 
of methylmercury by dialysis against cysteine liberated only 
about 0.3 equivalent of sulfhydryl per mole of protein. 

Methylmercury may have been found in nonstoichiometric 
amounts in the derivatives because it was lost from mercaptide 
linkage with the protein during dialysis and chromatography. 
This assumption would also imply that the sulfhydryl groups 
which were thus liberated were then blocked by some unknown 
intramolecular reaction or process of oxidation. 


TABLE V 
Comparison of activation of chromatographic fractions uth 
activation of native a-chymotrypsinogen 
Esterase activity obtained from the same amount of a-chymo- 
trypsinogen under identical conditions is equated to 100. 


Fraction 
Time of 
activation 

A C D E 

min. 
15 76 81 89 72 
30 83 83 93 75 
60 82 83 97 79 
120 88 88 88 84 
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Fic. 9. Chromatographic elution diagram for the preparative fractionation of 5.0 g. of a reaction product containing 1.3 moles 


of homocysteine per mole of protein. 


TaBLe VI 
Methylmercury in reaction products of a-chymotrypsinogen, 
thiolactone and 
methylmercury nitrate 
The total product contained 1.3 moles of homocysteine per mole 
of protein. 


Methylmercury per mole protein 
Fraction 
Direct titration Analysis of digest 
pmole pmole 
Total product 0.58, 0.63, 0.59 0.61, 0.58, 0.49 
A 0.00 trace 
C; 0.26 0.27, 0.25 
0.15 
D 0.1 
D+E 0.32 
xX 
DISCUSSION 


By the criteria of electrophoresis, sedimentation, and chroma- 
tography as carried out in the present work, Fraction C, is a 
homogeneous protein. The results of chemical analysis for 
homocysteine and the absence of reactivity of the a-amino group 
toward CSz leave little doubt that this derivative consists of 
a-chymotrypsinogen substituted on the a-amino nitrogen with 
an \V-acetyl-homocysteinyl grouping. Since only 0.3 equivalent 
of methylmercury per mole of protein was found in this fraction 
but no free sulfhydryl] could be detected, the characterization of 
the sulfhydryl group is incomplete. A change in the procedure 
for blocking this group may possibly give a derivative with a 
stoichiometric amount of mercury. 

Several important problems remain. One which may bear 
some relation to the binding of methylmercury involves the 
stereochemistry of the reaction and of the products. Since 
racemic thiolactone was employed in the present work, partial 
asymmetric synthesis is possible, and fractionation of derivatives 
containing D- and L-residues of homocysteine must be considered. 
Furthermore, differences in chemical properties of diastereo- 
isomeric derivatives would be anticipated. 

An inspection of the chromatographic elution diagrams sug- 


The linear elution gradient of phosphate buffer is shown by the broken line. 


gests that positional isomers may be separated by carboxymethyl 
cellulose columns. The principal fractions A, C, D, and E de- 
crease in net positive charge on the protein in the order of elu- 
tion; charge must play a large role in determining the affinity of 
the adsorbent for the protein. However, within the di- and tri- 
substituted fractions, resolution into subcomponents, presumably 
positional isomers, is evident. And yet, the potential resolving 
powers of protein chromatography have not been fully exploited. 

Attention should be called to the fact that the separation of 
modified protein into a series of derivatives, such as those which 
appear in Fig. 9, may be expected to aid in the determination of 
protein structure by the isomorphous replacement method of 
x-ray diffraction analysis. 

A comparison between the reaction of CS, (1) and N-acetyl- 
pL-homocysteine thiolactone shows striking differences which 
may be related to the relative rates of reaction of a- and e-amino 
groups and to the effect of pH. The former reagent is specific 
for the a-amino group of a-chymotrypsinogen at pH 6.9 where 
the ratio of reaction rates for a-amino and €-amino groups is 
200:1. The fact that the thiolactone gives a large variety of 
products throughout the useful range of pH is explained by the 
observations with the model compounds, diglycylglycine and 
€-amino caproic acid. For these compounds the ratio of reac- 
tion rates is about 5:1 in favor of the a-amino group at pH 7.5. 
Amino groups apparently react at an appreciable rate with the 
thiolactone even when they are largely in the charged form. 
Thus, the thiolactone resembles acetic anhydride which acetyl- 
ates a- and €-amino groups at pH 6 to 7, the former type some- 
what more rapidly than the latter (21-23). 


SUMMARY 


The use of N-acetyl-pL-homocysteine thiolactone for the prep- 
aration of derivatives of a-chymotrypsinogen has been investi- 
gated. The rates of hydrolysis and aminolysis of the thiolactone 
by diglycylglycine and ¢-amino caproic acid were determined 
under conditions similar to those used for reaction with the pro- 
tein. 

Reactions with protein were carried out in a pH-stat. At the 
termination of the reaction, methylmercury nitrate was added to 
block the sulfhydryl groups which had been generated. Under 
all conditions studied, the reaction product consisted of many 
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chemically distinct components as revealed by chromatography 
on columns of carboxymethy!] cellulose. Conditions were found 
which gave a monoacylated derivative as a principal component. 
The derivative, isolated by chromatography, was shown to be 
homogeneous in electrophoresis and sedimentation, and chemical 
evidence established that it differed from native a-chymotryp- 
sinogen by the substitution of an N-acetyl homocysteine residue 
on the a-amino group. 

Each of the principal chromatographic fractions of the reac- 
tion product could be activated by trypsin to enzymes with 
esterase activities comparable to that of 6-chymotrypsin. 
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Rhodopseudomonas spherovdes is a facultative photoheterotroph 
in which catalase synthesis can be induced by aeration (1). In 
cultures grown anaerobically in the light, catalase constitutes 
only about 0.002% of the dry cell mass. In contrast, the catalase 
content of cultures grown aerobically is as high as 0.8%. If an 
illuminated, anaerobic culture is exposed to air, a vigorous 
synthesis of catalase ensues. Under these conditions the utiliza- 
tion of oxygen is slight; the energy for growth is provided mainly 
through photosynthesis (1). 

In terms of the range of catalase content attainable, R. sphe- 
roides is superior to other microbes in which inducible catalase 
has been observed. The catalase of R. spheroides is easily puri- 
fied and has been characterized extensively (2); its assay in intact 
cells is simple and accurate (1). The metabolic versatility of 
R. spheroides makes it possible to study induced catalase synthesis 
under a variety of environmental conditions. For these reasons 
the present system holds promise for the study of induced enzyme 
synthesis and of the function of catalase. Further characteriza- 
tion of this system is therefore desirable. 

Induced synthesis of catalase in R. spheroides requires sources 
of carbon, nitrogen, and energy (1). Inhibitors, such as tetra- 
cycline, chloramphenicol, and ultraviolet irradiation, exert paral- 
lel effects on growth and induced catalase synthesis (1). These 


_ results suggest that the protein of the newly formed catalase is 


synthesized de novo. This paper describes radiocarbon-incor- 
poration experiments that support this conclusion. Similar ex- 
periments by Hogness et al. (3) and by Rotman and Spiegelman 
(4) have shown that, in the induced synthesis of 8-galactosidase 
in Escherichia coli, the enzyme-protein is synthesized de novo. 


EXPERIMENTAL 


R. spheroides, strain 2.4.1, was grown in a chemically de- 
fined medium (2) containing growth factors, minerals, malate, 
glutamate, and acetate. Illuminated, anaerobic cultures were 
grown in completely filled glass-stoppered 500-ml bottles, at 30°, 
about 20 inches from two 750-watt tungsten lamps. Growth of 
such cultures became limited through exhaustion of organic 
sources of carbon; the final catalase content had the low value 
(about 0.002% of the dry cell mass) characteristic of uninduced 
cells. Each mature 500-ml culture was centrifuged, and the cells 
were resuspended in 2500 ml of fresh growth medium containing 
0.02 M ammonium malate but lacking glutamate and acetate.! 

Induced catalase synthesis was made to proceed rapidly in 


* Operated by Union Carbide Corporation for the United States 
Atomic Energy Commission. 

1 The induced synthesis of catalase was found to be more rapid 
in a medium lacking glutamate and acetate. 
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the foregoing suspensions by aerating them gently under strong 
illumination. The suspensions were held in 2500-ml cylinders 
placed 20 inches from two 750-watt lamps and surrounded by 
mirrors. After several hours of aeration, the catalase content 
of the cells was about 0.02 to 0.08% of their dry mass. 

C™ incorporation was studied in two ways. In Experiment I 
the cultures were grown and resuspended in unlabeled media. 
At the start of aeration and every hour thereafter, 2.5 mmoles 
of NaHCOs, containing 40 ue of C4, were added to each 2500 ml 
of suspension. After 4 hours, 10 liters of suspension were har- 
vested; the remaining 5 liters were harvested after 11 hours. 
These samples were treated as described later, to yield purified 
catalase fractions and a noncatalase protein fraction. Radio- 
activity of these fractions could then be assayed. 

In Experiment II the cultures were grown in the presence of 
acetate-2-C™ (0.2 me per liter); the cells were then washed and 
resuspended in unlabeled medium. These low catalase cells, 
containing C-labeled protein, were incubated in the dark for 30 
minutes before aeration in the light, to reduce the endogenous 
pool of labeled carbon compounds. Induced synthesis of cata- 
lase was then allowed to proceed in the unlabeled medium; 600 
ml of suspension were harvested initially and 9600 ml after 5 
hours. These samples, again, were fractionated as described. 

Purification of catalase was performed as described earlier (2). 
The third step of the purification procedure, CHCl]; denaturation, 
yielded a catalase-free protein fraction, Pr, which was washed 
four times with acetone. The final step, chromatography on 
diethylaminoethy] cellulose, yielded two protein fractions. One, 
C+, contained about 50% catalase; the other, C-, about 20%. 

Radioactivity was assayed by converting the carbon in each 
of these fractions to CO,z by wet combustion (5) and precipitating 
it as BaCO;. This was collected on a planchet, weighed, and . 
counted in an end window Geiger-Miiller counter. Corrections 
for self-absorption were applied. 

Catalase was assayed by iodometric titration; cell mass was 
estimated turbidimetrically (1). 


RESULTS AND DISCUSSION 


The results of Experiments I and II are shown in Table I. 
Growth and catalase synthesis during the experiments are 
tabulated under ‘‘cell mass’”’ and ‘“‘catalase.”” Note that the 
cell mass did not increase during the 5 hours of Experiment II. 
Some turnover of cell material during this experiment is indi- 
cated by the slight decline in specific activity of Fraction Pr. 

Analysis of these experiments requires that the specific activ- 
ity of the pure catalase be computed. If this is denoted A., and 
the specific activity of “general” protein is denoted A,, then in 
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TABLE I 


C'4-Labeling of catalase and general protein during induced 
synthesis of catalase in R. spheroides 

Cells were grown anaerobically in the light and transferred to 
fresh growth medium. Aeration of these cells, starting at 0 hours, 
induced the synthesis of catalase. Samples withdrawn at the 
times indicated were assayed for cell mass and catalase content 
and for the specific radioactivities of fractions obtained from the 
cells. Ct and C are purified catalase fractions; Pr is chloroform- 
denatured protein. 


Fraction Pr Fraction C* Fraction C~ 


Time Cell mass) Catalase 


Cata- 
S.A. S.A. 


=| 


Experiment I: Cells grown in unlabeled medium; catalase 
synthesis induced in presence of NaHC!4O; 


hr. g/l mg/l %o % % 

0 | 0.45 | 0.015 

4 | 0.50 | 0.125; 0 0.12 54. | 0.57 24 | 0.32 
11 1.03 | 0.155 | 0 0.62 46 | 0.72 22 | 0.66 


Experiment II: Cells grown in medium containing C'*-labeled 
acetate; catalase induced in unlabeled medium 


0.98 
0.95 


0 
0 


0.0055 
0.243 


0.34 
0.34 


0 


5 0.42 


61 


* Specific activity; we per 25 mg of carbon in Experiment I and 
uc per 10 mg of carbon in Experiment IT. 


TaBLeE II 
Specific activities of catalase and general protein in R. spheroides, 
calculated from data of Table I 
See Table I for a description of Experiments Iand II. A, and 
A, denote specific activities of catalase and general protein, re- 
spectively. The units are uc per 25 mg of carbon in Experiment 
I and uc per 10 mg of carbon in Experiment II. 


Experiment I Experiment II 
0 hr. 4 hr. 11 hr. 0 hr. 5 hr. 
A. 0 0.96 0.85 0.08 
A, 0 0.12 0.61 0.98 0.95 


a mixed sample such as fraction C+ or C- the observed specific 
activity is 
A.(% catalase) + A,(100 — % catalase) 
Aobs. = 100 (1) 


A, can be taken as the specific activity of Fraction Pr. Alterna- 
tively, Equation 1 can be applied to Fractions C+ and C-, yield- 
ing two simultaneous equations that can be solved for A. and 
A,. Results of these two methods of computation agree within 
5%; the noncatalase protein in Fractions C+ and C-, therefore, 
had the same specific activity as Fraction Pr. Values of A, and 
A,, calculated from the data of Table I, are shown in Table II. 
The initial A. in Experiment II was probably equal to the initial 
Ap, within a few per cent. 

If the catalase-protein was synthesized de novo in these experi- 
ments, certain relations could be expected between specific 
activities and changes in the amounts of catalase and general 
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protein (3, 4). Thus in Experiment I, with unlabeled starting 
materia] (catalase or general protein) and labeled “new” mate- 
rial, the specific activity should rise in proportion to the ratio 
of new, to total material: 


new catalase 


Ks total catalase (2) 


A. = 


and 


new protein 


total protein (3) 


Ap =a 


where a is a constant. 

In Fig. 1 the quantities appearing in Equations 2 and 3, com- 
puted from the data of Experiment I, are plotted against time. 
The ratio of new protein to total protein has been replaced by 
the ratio of new cell mass to total cell mass, since the latter and 
not the former was measured. It is assumed that ratios of cell 


/ NEW CATALASE o log 


7 TOTAL CATALASE 


MASS OF NEW CATALASE 
MASS OF TOTAL CATALASE 


AND 


a 
NEW CELL MASS 
ra TOTAL CELL MASS 


A; AND A, (yc./25 mg.of CARBON) 


- 


2 4 6 8 10 «12 
TIME (hr) 


NEW CELL MASS 
TOTAL CELL MASS 


Fic. 1. Specific activity of catalase compared with the propor- 
tion of newly formed catalase in R. spheroides; similar data for 
general protein. Catalase was induced in initially unlabeled cells 
suspended in a medium containing NaHC"4O;; conditions are those 
of Experiment I (Table I). A, and A, denote specific activities of 
catalase and general protein, respectively. 


TaBLeE III 
Specific radioactivity of catalase compared with proportion of initial 
catalase in R. spheroides and similar data for general protein 
Conditions are those of Experiment II (Table I). A. and A, 
are the specific activities (uc per 10 mg of carbon) of catalase and 
general protein, respectively. Catalase induced in C!*4-labeled 
cells suspended in unlabeled medium. 


Initial Final (5 hr.) 
(1.0)* 0.08 
Initial catalase 
Total catalase 1.00 0.02 
Ap 0.98 0.95 
Initial cell mass 
Total cell mass 1.00 1.00 


* The initial A, was not measured; it probably was equal, within 
a few %, to the initial Ap. 
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mass and ratios of protein were approximately equal. Fig. 1 
shows that Equations 2 and 3 are verified, and that the induced 
catalase-protein is therefore synthesized de novo. 

Experiment II was performed with labeled cells suspended in 
unlabeled medium. If catalase and general protein were synthe- 
sized de novo, their specific activities should have declined as the 
labeled starting material was diluted with unlabeled new mate- 
rial. One should then expect that at any time, 

initial catalase 


total catalase (4) 


and 
initial protein 
total protein 


(5) 


+ p = 


where 6 is a constant. In Table III the quantities appearing in 
Equations 4 and 5 (with ratios of protein replaced by ratios of 
cell mass) are compared. A, declined sharply during the experi- 
ment, corresponding to the extensive dilution of the initial labeled 
catalase with new unlabeled catalase. In contrast, A, declined 
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very little. Thus a synthesis de novo of catalase-protein is again 
demonstrated. The final value of A. (0.08) was not quite so low 
as that predicted by the dilution factor (initial catalase /total 
catalase, 0.02); this probably means that some catalase was syn- 
thesized from labeled endogenous reserves. 


SUMMARY 


Rhodopseudomonas spheroides synthesizes only minute amounts 
of catalase when the organism is grown anaerobically in the 
light. Rapid synthesis of catalase can be induced in an illu- 
minated, anaerobic culture by exposure to gentle aeration. C*- 
incorporation experiments show that, in this induced synthesis, 
the protein of catalase is formed de novo. 
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In previous communications from this laboratory (1, 2), direct 
evidence for the enzymatic synthesis of tryptophany] adenylate 
from adenosine 5’-triphosphate and tryptophan by purified beef 
pancreas tryptophan-activating enzyme was reported. Similar 
findings have been published subsequently by Kingdon et al. (3). 
Earlier work (4-8) also provided support for the belief that 
activation of amino acids involves formation of enzyme-bound 
amino acyl adenylate derivatives. Of the commonly occurring 
natural amino acids, only L-tryptophan and to lesser extent, L- 
tyrosine, are converted to the corresponding hydroxamic acids 
in the presence of this activating enzyme preparation, adenosine 
5’-triphosphate, magnesium ions, and hydroxylamine (9). How- 
ever, we have observed that the beef pancreas tryptophan- 
activating enzyme catalyzes adenosine 5’-triphosphate synthesis 
from a variety of amino acy! adenylates and inorganic pyrophos- 
phate, and that p-tryptophany! adenylate is much more active 
than L-tryptophany] adenylate in ATP synthesis with catalytic 
amounts of enzyme. The observation that added amino acy] 
adenylates prepared by organic synthesis are utilized enzymat- 
ically suggests that such anhydrides may be useful in studies on 
isolated preparations that catalyze formation of peptide bonds. 
The recent demonstration of the enzymatic synthesis of carnosine 
from #-alanyl adenylate and histidine (10) and the observation 
of transfer of the amino acyl moiety of enzyme-bound trypto- 
phany] adenylate to ribonucleic acid (11, 12) are of interest in 
this connection. The present report describes further studies on 
the enzymatic synthesis of tryptophanyl adenylate. We have 
also investigated the unexpected finding that a wide variety of 
amino acy] adenylates are active in the synthesis of adenosine 

’-triphosphate. 


EXPERIMENTAL 


Materials—The amino acy] adenylates and the isomeric esters 
of AMP were prepared as previously described (13-15). The 
anhydrides were free of the corresponding isomeric esters of 
AMP as determined by paper ionophoresis (15, 16). Acetyl 
adenylate was prepared by treating AMP with acetic anhydride 
(17), and the other acyl adenylates were obtained as described 
(18). Tryptophan-activating enzyme was isolated from beef 
pancreas as described by Davie et al. (9).1. Pyrophosphatase 


* We thank the National Science Foundation and the National 
Heart Institute, National Institutes of Health, United States 
Public Health Service, for generous support of this research. 

1 We are indebted to Dr. Earl W. Davie for providing us, before 
publication, with an improved procedure (3) for isolating this 
enzyme. The preparation used here exhibited a specific activity 
which was very similar to that reported (3). 


was isolated from yeast according to Heppel (19). Crystalline 
ATP was obtained from the Sigma Chemical Company. pL- 
Tryptophan-3-C was obtained from the New England Nuclear 
Corporation. 

Determination of ATP—Enzymatic synthesis of ATP from 
amino acyl adenylates and inorganic pyrophosphate was deter- 
mined as follows, unless otherwise stated in the text. A reaction 
mixture (final volume, 2 ml) consisting of 2-amino-2-(hydroxy- 
methy])-1 ,3-propanediol-HC] buffer (pH 7.3; 100 umoles), amino 
acyl adenylate, magnesium chloride (10 umoles), carrier sodium 
pyrophosphate (2 uwmoles), radioactive pyrophosphate (100,000 
to 500,000 c.p.m.), and tryptophan-activating enzyme was 
equilibrated at the desired temperature for 3 minutes. The 
reaction was started by addition of amino acyl adenylate. The 
amino acyl adenylate was dissolved in 0.001 n hydrochloric acid 
just before use, and an appropriate aliquot (usually 0.1 ml) of 
the solution was employed. The added quantity of amino acyl 
adenylate is expressed as the initial concentration; however, the 
concentration of free anhydride decreases rapidly as noted 
previously (15). The reaction mixtures were incubated for 3 
minutes and then treated with 5 ml of 0.61 m trichloroacetic acid. 
The protein was removed by centrifugation and the ATP in the 
supernatant solution was determined by the charcoal adsorption 
procedure of Crane and Lipmann (20). Control experiments 
were carried out in which the amino acyl adenylates were hy- 
drolyzed at 100° for 10 minutes in 0.1 ml of 1 N potassium hydrox- 
ide and then neutralized before use. Reproducible low blanks 
were obtained with the charcoal procedure provided that the 
charcoal was washed four times with water before elution. 

Further identification of ATP was carried out in a number of 
experiments by two independent procedures. In one procedure, 
glucose and hexokinase were added to the complete reaction 
mixture. Carrier glucose 6-phosphate was added at the end of 
the reaction, and radioactive glucose 6-phosphate was isolated 
and identified by barium-ethanol fractionation (21), and paper 
chromatography with a solvent consisting of tertiary butanol, 
picric acid, and water as described by Hanes and Isherwood (22). 
Further evidence for the formation of ATP was obtained as 
follows. Charcoal was added to the reaction mixture, and 
separated by centrifugation; after appropriate washing, elution 
of ATP was carried out with 47.5% ethanol containing M am- 
monium hydroxide. The eluate was analyzed by paper iono- 
phoresis at pH 4.5 in ammonium formate buffer. A single 
radioactive band was obtained which corresponded in mobility 
to an authentic sample of ATP. ATP was also identified by 
paper chromatography of the eluate in a solvent consisting of 
isobutyric acid, ammonium hydroxide, and water (661:10:329) 
(23). 
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RESULTS 


Enzymatic Synthesis of Tryptophanyl Adenylate—The enzy- 
matic formation of C-tryptophanyl adenylate from ATP and 
C'4-tryptophan, in the presence of tryptophan-activating enzyme, 
purified pyrophosphatase, and magnesium ions has been de- 
scribed in preliminary reports (1, 2). In these experiments, the 
enzymatically synthesized C'4-amino acy] adenylate was isolated 
from the lyophilized reaction mixture by extraction with glacial 
acetic acid. Addition of ether to the acetic acid extract resulted 
in precipitation of the amino acyl adenylate, leaving most of 
the free tryptophan in solution; paper ionophoresis of the pre- 
cipitate gave two radioactive bands, one of which corresponded 
closely in mobility to authentic tryptophany] adenylate. Al- 
though these studies clearly indicated the enzymatic formation 
of tryptophany] adenylate, a relatively small fraction of the 
total initial radioactivity was recovered as tryptophany]! adeny!]- 
ate. It appears probable that the low recovery was at least 
partly due to hydrolysis of the anhydride during isolation. 

The following improved method has now been developed for 
the isolation of tryptophany] adenylate from such reaction mix- 
tures; use of this procedure indicates that a major portion of the 
radioactivity of L-tryptophan is incorporated into tryptophany] 
adenylate. A reaction mixture consisting of purified tryptophan- 
activating enzyme (30 mg), ATP (5 umoles), crystalline pyro- 
phosphatase (50 wg), magnesium chloride (10 uwmoles), and 2- 
amino-2-(hydroxymethy])-1,3-propanediol-HCl buffer (pH 8.0; 
100 umoles) in a final volume of 1.9 ml was incubated at 37° for 
2 minutes; DL-tryptophan-3-C™ (0.1 ml, 0.127 umole, 565,000 
¢.p.m.) was added, and incubation was continued for 5 minutes. 
The reaction was stopped by addition of 0.5 ml of cold 3.06 m 
trichloroacetic acid, and the mixture was cooled to 0°. After 
centrifugation at 2000 xX g at 0°, the supernatant solution was 
immediately frozen and lyophilized. The lyophilized powder 
was extracted with 4 ml of ether and then centrifuged. The 
extraction was repeated, and the residue was dissolved in 50 ul 
of 0.05 M ammonium formate buffer (pH 4.5) and a 10 ul sample 
of this solution was subjected to paper ionophoresis in this buffer 
at 0° for 2 hours at 20 volts per cm by the procedure of Markham 
and Smith (16). The paper strip (2.5 xX 57 cm) was cut into 
0.5-em sections and the radioactivity of each section was deter- 
mined in a gas flow counter; appropriate correction for self- 
absorption was made. Radioactive bands were observed, which 
corresponded in mobility to tryptophany! adenylate and trypto- 
phan, respectively. A third negatively charged band (Band B, 
Table 1) was also noted. 

The trichloroacetic acid precipitate obtained from the original 
reaction mixture was washed four times with 5 ml of 0.2 
perchloric acid, once with 5 ml of a mixture of ethanol and ether 
(3:1) and twice with 5 ml of ethanol. The radioactivity of the 
combined washings, the washed protein residue, and of the ether 
extracts was determined. <A total of 465,000 c.p.m. were re- 
covered in the several fractions, or about 82% of the radioactivity 
added. As indicated in Table I, approximately 50% of the total 
radioactivity was found (calculated as L-tryptophan) in the 
tryptophany! adenylate band. Since it was found that about 
20 to 40% of added tryptophanyl adenylate was hydrolyzed 
during the isolation procedure, it appears probable that trypto- 
phany! adenylate is the major product. Paper ionophoresis at 
pH 5.8 did not reveal the presence of adenosine 5’-phosphate- 
2'(3’)-tryptophanate; nonenzymatic formation of this compound 
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TABLE I 
Enzymatic formation of tryptophanyl adenylate* 
Fraction Radioactivity 
c. p.m, 

Tryptophanyl adenylate................ 115,000 
Combined ether extracts............... 283 , 000 
Combined protein washings. ........... 42,100 
Protein residue......................... 1,480 


* Experimental details are given in the text. 
t Negatively charged band (12.1 mm from origin) observed on 
paper ionophoresis. 


was indicated by previous studies (15). The appearance of a 
negatively charged radioactive band (Band B) after paper 
ionophoresis confirms earlier observations (1, 2). The nature 
of this material has not been investigated in our laboratory; 
however, this band may represent adenosine 5’-triphosphate- 
2’(3’)-tryptophanate (24). It is of interest that a significant 
quantity of isotope was found in association with the protein 
residue. Labeling of protein by enzymatically formed C"- 
tryptophany] adenylate has been observed previously (13). 

In the earlier experiments, in which C'4-tryptophan was incu- 
bated with enzyme, magnesium ions, pyrophosphatase, and 
ATP (1, 2), approximately 10 times more radioactivity was found 
in the tryptophanyl adenylate band in experiments in which 
carrier tryptophanyl adenylate had been added. These findings 
suggested the possibility of exchange between tryptophan and 
tryptophany] adenylate. Evidence consistent with this explana- 
tion was obtained in experiments in which radioactive tryptophan 
and unlabeled tryptophany! adenylate were incubated’ with 
enzyme followed by addition of hydroxylamine; radioactivity 
was found in the tryptophanyl hydroxamate area of paper 
chromatograms. Attempts to repeat these studies have led to 
similar results, although efforts to identify radioactive trypto- 
phany] adenylate directly by paper ionophoresis have not been 
successful. We therefore conclude that the postulated exchange 
reaction between tryptophan and tryptophanyl adenylate does 
not occur under these conditions. The radioactivity in the 
tryptophanyl hydroxamate area on paper chromatography may 
be due to a nonenzymatic breakdown product of tryptophan, 
rather than to tryptophany! hydroxamate. These results are 
consistent with the findings of Kingdon e¢ al (3). 

On the other hand, incorporation of adenylic acid into tryp- 
tophanyl adenylate was readily demonstrated in the presence 
and absence of enzyme. Thus, L-tryptophanyl adenylate (1 
umole) was incubated with 3.36 wmoles of randomly labeled 
C4.AMP (10° c.p.m.) in 0.07 ml of 0.1 m sodium citrate buffer 
(pH 5.8) for 10 minutes at 0°; paper ionophoresis of this material 
at pH 5.8 in citrate buffer, followed by determination of radio- 
activity as described above, gave three radioactive bands. The 
largest of these corresponded to AMP; in addition, bands corre- 
sponding to tryptophany! adenylate and to the isomeric adeno- 
sine 5’-phosphate-2’(3’)-tryptophanate were observed. A total 
of 70,000 ¢.p.m. was incorporated into the ester area whereas 
24,200 ¢.p.m. were incorporated into the band assigned to tryp- 
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tophanyl adenylate. Kingdon et al. (3) have also observed 
nonenzymatic incorporation of AMP intotryptophany] adenylate, 
although it is not clear whether any of the isomeric ester was 
formed under the conditions employed by these investigators. 
The present observations are of interest in connection with the 
previously reported studies on the spontaneous conversion of 
amino acyl adenylates to isomeric adenosine 5’-phosphate-2’(3’)- 
amino acid esters (15), and suggest acylation of adenylic acid by 
tryptophany! adenylate. 

Results consistent with the formation of tryptophany] adenyl- 
ate from unlabeled L-tryptophan and ATP were also obtained. 
In these experiments, the enzymatically formed tryptophany] 
adenylate was separated and incubated with pyrophosphate and 
additional enzyme; the ATP formed was determined. In a 
typical experiment, a reaction mixture consisting of activating 
enzyme (120 mg), pyrophosphatase (50 wg), L-tryptophan (10 
pmoles), magnesium chloride (10 zmoles), ATP (10 umoles), and 
2-amino-2-(hydroxymethy]l)-1 ,3-propanediol-HCl buffer (pH 
8.0; 100 umoles) in a final volume of 2 ml, was incubated at 37° 
for 15 minutes, and then lyophilized. The lyophilized powder 
was extracted successively with two 1-ml portions of glacial 
acetic acid at 0°. The extracts were combined and treated with 


TABLE II 
Enzymatic synthesis of ATP from pyrophosphate 
and acyl adenylates* 


Acyl adenylate ATP formedt 
mumoles 
L-Tryptophanyl adenylate.................... 418 
p-Tryptophany] adenylate.................... 836 
L-Asparaginy] adenylate...................... 70.0 
L-Glutaminyl] 338 
Glycyl adenylate.............. 230 
L-Isoleucyl adenylate........................ 236 
230 
L-Methiony] adenylate........ 200 
L-Phenylalanyl adenylate..................... 399 
p-Phenylalany] adenylate..................... 310 
L-Prolyl 30.0 
L-Threonyl 248 
L-Tyrosinyl] 352 
a-Aminoisobutyry! 74.0 
B-Alanyl 0 
Carbobenzoxy uL-tryptophanyl adenylate...... 0 
L-Tryptophany] inosinate.................... 0 
Phenylacetyl adenylate....................... 0 
Benzoyl adenylate. 0 
AMP-2’(3’)-L-tryptophanate.................. 0 
AMP-2’(3’)-p-tryptophanate.................. 0 
AMP-2’(3’)-u-prolinate....................... 0 
AMP-2’(3’)-L-threoninate. ................... 0 


*The reaction mixtures consisted of 2-amino-2-(hydroxy- 
methyl)-1,3-propanediol-HCl buffer (100 wmoles; pH 7.3), mag- 
nesium chloride (10 ywmoles), P*?-sodium pyrophosphate (2 
umoles), enzyme (0.4 mg), and acyl adenylate (2 uwmoles) in a 
final volume of 2 ml; incubated for 5 minutes at 37°. 

t muMoles of ATP formed per mg of enzyme. 
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4 ml of ether. The precipitate was suspended in 20 ul of am- 
monium formate (pH 4.5), and subjected to paper ionophoresis. 
The paper section corresponding to the tryptophanyl adenylate 
band was cut out and immediately added with agitation to 2 ml 
of a mixture consisting of activating enzyme (300 ug), magnesium 
chloride (10 wmoles), P*-sodium pyrophosphate (2 umoles; 
100,000 ¢.p.m.), and 2-amino-2-(hydroxymethy])-1 ,3-propane- 
diol-HCl buffer (100 umoles; pH 7.3). Determination of ATP 
as described above gave a value of 33 mumoles. No ATP was 
formed in similar experiments with sections cut from other areas 
of the paper strip. When 1 umole of synthetic tryptophany] 
adenylate was subjected in the same manner to ionophoresis 
followed by elution and incubation, 123 mumoles of ATP were 
formed. 

Enzymatic Synthesis of ATP—The beef pancreas tryptophan- 
activating enzyme has been reported by Davie et al. (9) to be 
specific for L-tryptophan in catalyzing the formation of trypto- 
phanyl hydroxamate from tryptophan, hydroxylamine, and 
ATP. Although some hydroxamic acid was formed when L- 
tyrosine and DL-tryptazan? were incubated with this system, no 
activity was observed with a variety of naturally occurring 
amino acids. It was also reported that only L-tryptophan and 
DL-tryptazan were appreciably active in catalyzing amino acid- 
dependent incorporation of inorganic pyrophosphate into ATP; 
although L-tyrosine and L-phenylalanine exhibited some activity, 
the other amino acids tested were inactive under the conditions 
employed (9). We have confirmed these findings, and also have 
observed that p-tryptophan is inactive in both the hydroxamate- 
forming reaction and in the pyrophosphate exchange system. 
However, as we previously reported (1, 2), and as independently 
observed by Novelli (25), this enzyme catalyzes ATP synthesis 
from pyrophosphate and a number of amino acyl adenylates, 
including D-amino acyl adenylates. As described in Table II, 
significant ATP synthesis was observed with glycyl adenylate, 
13 L-amino acyl adenylates, bD-tryptophanyl adenylate, and 
p-phenylaJany] adenylate. No synthesis of ATP occurred with 
carbobenzoxy amino acyl adenylates, acetyl adenylate, pheny]- 
acetyl adenylate, benzoyl adenylate, and G-alanyl adenylate. 
L-Tryptophany] inosinate and several adenosine 5’-phosphate- 
2’(3’)-amino acid esters were also inactive. The low specificity 
of the reaction with respect to a-amino acy] adenylates is some- 
what surprising, and it is particularly noteworthy that under 
the conditions employed, p-tryptophany] adenylate was the most 
active of the acyl adenylates studied. 

The time course of the synthesis of ATP from several amino 
acyl adenylates in the presence of inorganic pyrophosphate is 
described in Fig. 1A. The reaction rates decreased rapidly 
after about 4 minutes with all of the amino acyl adenylates 
investigated. As described in Fig. 1B, addition of more amino 
acyl adenylate to the reaction mixture after the synthesis of ATP 
had ceased, led to further formation of ATP. On the other hand, 
when more enzyme was added at this point, no increase in ATP 
synthesis occurred. The findings suggest that the rapid decrease 
in the rate of the reaction is associated with a decrease in the 
concentration of amino acyl adenylate. The disappearance of 
the anhydride in the presence of enzyme and inorganic pyrophos- 
phate was, within experimental error, equivalent to the sum of 
ATP synthesis and the expected (15) spontaneous decomposition 
of the anhydride. In the light of these results, the subsequent 
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= Inhibition of ATP synthesis from amino acyl adenylates by t- 
and p-tryptophan* 
> Amino acyl adenylate Amino acid ATP formed 
mpumoles 
wo L-Tryptophanyl adenylate.......... None 245 
2 L-Tryptophanyl adenylate.......... L-Tryptophan 217 
s L-Tryptophanyl adenylate.......... p-Tryptophan 318 
2 p-Tryptophanyl adenylate.......... None 335 
= p-Tryptophanyl adenylate.......... L-Tryptophan 158 
p-Tryptophanyl adenylate.......... p-Tryptophan 374 
5 10 20 30 5 10 20 30 L-Valyl adenylate.................. L-Tryptophan 9.0 
MINUTES L-Valyl adenylate.................. p-Tryptophan 77.0 
Fic. 1A. Time course of the synthesis of ATP from amino acy] -Alanyl adenylate................. None 455 


adenylates and pyrophosphate. The reaction mixtures consisted 
of magnesium chloride (60 umoles), P*?-sodium pyrophosphate (12 
umoles; 600,000 c.p.m.), enzyme (2.4 mg), amino acyl adenylate 
(7.2 wmoles), and 2-amino-2-(hydroxymethy])-1,3-propanediol- 
HCl buffer (pH 7.3; 600 uwmoles) in a final volume of 9 ml. After 
equilibration at 20° for 2 minutes the amino acyl adenylate was 
added and incubation was continued at 20°. At the intervals in- 
dicated, aliquots were withdrawn and analyzed for ATP. Curve /, 
L-tyrosinyl adenylate; Curve 2, L-tryptophany] adenylate; Curve 3, 
p-tryptophany] adenylate. | 

B. The reaction mixtures consisted of 2-amino-2-(hydroxy- 
methyl)-1,3-propanediol-HCl buffer (pH 7.3; 400 umoles), mag- 
nesium chloride (40 zmoles), P32-sodium pyrophosphate (8 umoles, 
400,000 c.p.m.), enzyme (1.6 mg), L-tryptophanyl adenylate (4 
pmoles, added last) in a final volume of 6 ml. After 8 minutes of 
incubation at 20°, additional enzyme (1.6 mg per 6 ml), and amino 
acyl adenylate (4 umoles per 6 ml) were added to separate aliquots. 
Interrupted curve, additional enzyme was added; solid curve, addi- 
tional amino acyl] adenylate was added. 


experiments were carried out with relatively short periods of 
incubation. 

The effect of amino acyl adenylate concentration on the 
synthesis of ATP is described in Fig. 2. The synthesis of ATP 
from L-tryptophanyl adenylate increased with increasing con- 
centrations of this anhydride and became essentially independent 
of concentration above 6.67 X 10-‘m. In contrast, the synthesis 
of ATP from t-leucy] adenylate and L-valyl adenylate continued 
to increase with increasing concentration of anhydride. Sur- 
prisingly, the synthesis of ATP from pD-tryptophany] adenylate 
was considerably greater than that observed with L-tryptophanyl 
adenylate at concentrations above 0.3 X 10-3 M; a plateau was 
approached only at relatively high concentrations of D-trypto- 
phanyl adenylate. It was repeatedly observed with a number 
of anhydride preparations that D-tryptophanyl adenylate was 
much more active as a substrate for ATP synthesis than was 
L-tryptophany]l adenylate. Careful examination of these anhy- 
dride preparations revealed that they were both of relatively 
high (65 to 85%) purity and that the major impurities were 
tryptophan and AMP. They contained less than 5% of the 
isomeric adenosine 5’-phosphate-2’(3’)-tryptophanates, and the 
amino acid moieties were not less than 99.5% optically pure (26). 

Inhibition of ATP Synthesis by 1- and pv-Tryptophan—The 
effects of L- and p-tryptophan on the synthesis of ATP from L- 
tryptophany] adenylate, p-tryptophany] adenylate, L-valyl ade- 
nylate, and L-alanyl adenylate are described in Table III. Addi- 
tion of L-tryptophan to the reaction mixture produced a slight 
inhibition of ATP synthesis from L-tryptophany] adenylate, and 


L-Tryptophan 18.0 
p-Tryptophan 154 


L-Alanyl adenylate................. 
L-Alanyl adenylate................. 


* The reaction mixtures consisted of 2-amino-2-(hydroxy- 
methyl)-1,3-propanediol-HCl buffer (pH 7.3; 100 uwmoles), mag- 
nesium chloride (10 umoles), sodium P*?-pyrophosphate (2umoles), 
enzyme (150 wg), tryptophan (2 uwmoles; 0.00133 mM), and amino 
acyl adenylate (0.5 umole of tryptophanyl adenylates (0.000333 
mM) and 2.0 umoles of L-valyl and L-alanyl adenylates (0.00133 m)) 
in a final volume of 1.5 ml; incubated at 37° for 3 minutes. Tryp- 
tophan was added 3 minutes before starting reaction by addition 
of amino acyl adenylates. 


appreciable inhibition of the synthesis of ATP from p-trypto- 
phanyl adenylate, L-valyl adenylate, and L-alanyl adenylate. 
p-Tryptophan did not inhibit the synthesis of ATP from L- 
tryptophanyl adenylate or from p-tryptophany] adenylate; in 
fact, there was some increase in ATP formation.? On the other 
hand, addition of p-tryptophan produced considerable inhibition 
of ATP synthesis from L-valyl adenylate and L-alany] adenylate. 

The inhibition of ATP synthesis from L-alanyl adenylate by 
tryptophan was studied at various concentrations of L- and p- 
tryptophan. In a system similar to that described in Table III 
(with a concentration of L-alanyl adenylate of 0.5 x 10-* m), 
50% inhibition of ATP synthesis from pyrophosphate and L- 
alanyl adenylate was observed with 1.18 x 10-° m L-tryptophan; 
the concentration of p-tryptophan required for 50% inhibition 
was 3.25 X 10-4. Inhibition was decreased somewhat when 
the concentration of L-alanyl adenylate was increased; however, 
the inhibition of ATP synthesis by L-tryptophan was not strictly 
competitive. The degree of inhibition was found to be influenced 
by the order in which the components of the reaction mixture 
were added. When the enzyme was incubated with L-trypto- 
phan before addition of pyrophosphate and L-alanyl adenylate, 
greater inhibition was observed than when the anhydride was 
added before L-tryptophan. As indicated in Table IV, preincu- 
bation of the enzyme with L-tryptophan for 3 minutes before 
addition of t-alanyl adenylate and pyrophosphate resulted in 
considerable inhibition of ATP synthesis. Less inhibition was 
observed when the enzyme was preincubated with t-alanyl 
adenylate for 20 minutes (in the absence of , yrophosphate) be- 
fore addition of L-tryptophan. In the latter experiment no free 
amino acyl adenylate could be detected after 20 minutes by the 


3 Activation by p-tryptophan was observed repeatedly with a 
number of different enzyme and b-tryptophan preparations; the 
explanation of this effect is not yet known. 
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TaBLeE IV 
Inhibition of ATP synthesis by L-tryptophan* 


os Preincubation conditions ATP formed 
myumoles 
1 Enzyme 77.9 
Enzyme + L-tryptophan (3 min.) 45.0 
Enzyme + t-alanyl adenylate (20 min.); 
L-tryptophan (3 min.) 69.5f 
Enzyme + t-alany] adenylate (20 min.); 
H.O (3 min.) 78.4 
Enzyme + L-alany] adenylate (20 min.); 
(3 min.)f 0 
2 Enzyme 236 
Enzyme + L-tryptophan (3 min.) 151 
Enzyme + pb-tryptophanyl adenylate (20 
min.); L-tryptophan (3 min.) 192f 
Enzyme + pb-tryptophanyl] adenylate (20 
min.); H2O (3 min.) 201 
Enzyme + pb-tryptophanyl adenylate (20 
min.); H2O (3 min.)t 0 


* The enzyme (100 yg) in 1.2 ml containing 2-amino-2-(hydroxy- 
methyl)-1,3-propanediol-HCl buffer (100 uzmoles; pH 7.3) and mag- 
nesium chloride (10 wmoles), was preincubated as indicated above 
with 0.1 ml of L-tryptophan (Experiment 1, 0.001 wmole; Experi- 
ment 2, 0.1 wmole), 0.1 ml of amino acyl adenylate (1 wmole), and 
0.1 ml of water. The successive periods of preincubation are in- 
dicated in parentheses. After preincubations, 0.1 ml containing 
1 umole of L-alanyl adenylate (Experiment 1) or p-tryptophanyl 
adenylate (Experiment 2) were added together with 1 ywmole of 
sodium P*?-pyrophosphate to yield a final volume of 2 ml. The 
complete reaction mixtures were incubated for 3 minutes at 20°. 

+ No amino acyl adenylate was added with pyrophosphate. 

t No protection was observed when the first preincubation was 
carried with hydrolyzed amino acyl adenylate. 


hydroxamate test. Furthermore, addition of pyrophosphate at 
the end of 20 minutes gave no detectable ATP under these con- 
ditions (Table IV). Similar results were obtained in analogous 
experiments on the inhibition by L-tryptophan of ATP synthesis 
from pyrophosphate and p-tryptophanyl adenylate. Thus, 
marked inhibition was observed when L-tryptophan was incu- 
bated with enzyme before addition of p-tryptophanyl adenylate 
and pyrophosphate, but relatively little inhibition was observed 
when the enzyme was incubated with p-tryptophanyl adenylate 
before incubation with L-tryptophan. The observation that less 
inhibition occurred when L-tryptophan was added after preincu- 
bation with amino acyl adenylate suggests that L-tryptophan 
and the amino acyl adenylates combine with the same enzymatic 
sites. It would appear that, under the conditions employed, 


the substrates are relatively tightly bound to the enzyme, and | 


that combination of the enzyme with amino acy] adenylate sta- 
bilizes the latter. When L-tryptophan was added to a reaction 
mixture containing enzyme, L-alanyl adenylate, and pyrophos- 
phate after ATP synthesis had ceased (i.e. after 10 minutes, cf. 
Fig. 1B), there was no subsequent decrease of ATP. The de- 
creased formation of ATP observed when L-tryptophan was 
added initially therefore may not be ascribed to L-tryptophanyl 
adenylate formation from ATP and L-tryptophan. Further- 
more, considerable inhibition of ATP synthesis was observed 
with very low concentrations of L-tryptophan (e.g. 10-* m). 
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The high affinity of the enzyme for L-tryptophan as compared 
to p-tryptophan appears to explain the remarkable difference 
between the curves obtained for the effects of varying the con- 
centrations of L- and p-tryptophanyl adenylates on ATP syn- 
thesis (Fig. 2). Thus, synthesis of ATP from L-tryptophanyl 
adenylate and pyrophosphate reached a plateau at relatively low 
concentrations of amino acyl adenylate. .L-Tryptophan would 
be expected to form rapidly in this system, not only as a product 
of the reaction, but also by spontaneous breakdown of L-tryp- 
tophany] adenylate. The formation of L-tryptophan in this 
system therefore appears to be a limiting factor in ATP synthesis. 
In contrast, although synthesis of ATP from pyrophosphate and 
p-tryptophanyl adenylate is undoubtedly accompanied by p- 
tryptophan formation, ATP synthesis is not markedly inhibited 
presumably because the affinity of the enzyme for p-tryptophan 
is relatively low. 

Synthesis of ATP from Enzyme-bound Amino Acyl Adenylates— 
The studies described above suggest that incubation of amino 
acyl adenylate with enzyme results in the formation of an en- 
zyme-amino acyl adenylate complex. Enzyme-bound amino 
acyl adenylates appear to be much more stable than free a-amino 
acyl adenylates, which are completely hydrolyzed during incu- 
bation for 20 or 30 minutes. Thus, incubation of a large amount 
of enzyme with L-tryptophany] adenylate for 30 minutes followed 
by addition of pyrophosphate led to ATP synthesis even though 
no free amino acyl adenylate was present at the time pyrophos- 
phate was added. In experiments in which various amino acyl 
adenylates (at an initial concentration of 0.01 umole per ml) 
were incubated with 1 mg of enzyme, ATP synthesis was observed 
with L-tryptophanyl adenylate, but not with b-tryptophany] 
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MICROMOLES OF AMINO ACYL 
ADENYLATE ADDED 


Fic. 2. The effect of the concentration of amino acy] adenylate 
on ATP synthesis. The reaction mixtures consisted of magnesium 
chloride (10 2-amino-2-(hydroxymethy])-1,3-propane- 
diol-HCl buffer (pH 7.3; 100 umoles), P**-sodium pyrophosphate (2 
pmoles; 100,000 c.p.m.), enzyme (0.4 mg), and amino acy] adeny!l- 
ate in a final volume of 1.5ml. The reaction was started by addi- 
tion of amino acyl adenylate; incubated at 20° for 2 minutes. 
Curve 1, t-leucyl adenylate; Curve 2, L-alanyl adenylate; Curve 8, 
L-tryptophanyl adenylate; Curve 4, p-tryptophany] adenylate. 
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L- TRYPTOPHANYL ADENYLATE(™<MOLES) MG. OF ENZYME 


Fig. 3. Synthesis of ATP from enzyme-.t-tryptophany] adenyl- 
ate complex and pyrophosphate. A. Effect of L-tryptophanyl 
adenylate concentration. The enzyme preparation (1 mg) was 
incubated with various amounts of L-tryptophan adenylate as in- 
dicated, MgClz (10 wmoles), and 2-amino-2-(hydroxymethy])-1,3- 
propanediol-HCl buffer (pH 7.3; 100 wmoles) in a final volume of 
0.9 ml at 37°. After 30 minutes, 0.1 ml containing 100 mumoles of 
sodium P*?-pyrophosphate was added, and after 15 minutes the 
formation of ATP was determined. Controls in which enzyme 
was omitted or in which enzyme was added with the pyrophos- 
phate gave no ATP. 

B. Effect of enzyme concentration on ATP synthesis. The con- 
ditions were as described in A: 5 mumoles of L-tryptophany] aden- 
ylate. 
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6 8 
AMINO ACYL ADENYLATE MOLES) 


Fic. 4. Synthesis of ATP from enzyme-amino acy] adenylate 
complexes and pyrophosphate. The experiments were carried out 
as described in the legend to Fig. 3 with the same controls. Curve 
1, p-tryptophany] adenylate; Curve 2, L-alanyl adenylate. 


2 4 


adenylate, L-alanyl adenylate, glycyl adenylate, L-phenylalanyl 
adenylate, p-phenylalanyl adenylate, L-prolyl adenylate, or a- 
aminoisobutyryl adenylate. However, when higher concentra- 
tions of the other amino acyl adenylates (e.g. p-tryptophanyl 
adenylate, L-alanyl adenylate) were incubated with the enzyme, 
ATP synthesis was observed. Figs. 3 and 4 describe the effects 
of varying the initial concentrations of several amino acyl] ade- 
nylates on ATP synthesis in this type of experiment. As indi- 
ated in Fig. 3A, very low concentrations of L-tryptophanyl 
adenylate gave optimal ATP synthesis under these conditions. 
It is notable that as much as 65% of the AMP moiety of the 
added anhydride was converted to ATP in certain experiments. 
Much higher concentrations of other amino acy] adenylates were 


required for ATP synthesis (Fig. 4). From these results it is 
evident that the affinity of the enzyme for L-tryptophanyl ade- 
nylate is much greater than for the other amino acy] adenylates. 
Studies with catalytic quantities of enzyme described above 
(Fig. 2) also suggested that the affinity of the enzyme was greater 
for L-tryptophanyl adenylate than for t-leucyl adenylate and 
L-alanyl adenylate, although the results with p-tryptophanyl 
adenylate were surprising as noted. The effect of enzyme con- 
centration on ATP synthesis from L-tryptophany] adenylate is 
described in Fig. 3B. Although the molar concentration of the 
enzyme and the number of catalytic sites per mole of enzyme are 
not known, the data indicate that combination of enzyme with 
L-tryptophanyl adenylate occurs with concentrations of anhy- 
dride that are of approximately the same order of magnitude as 
that of the enzyme.‘ 

Other Studies—Inhibition of ATP synthesis from amino acyl 
adenylates and pyrophosphate was also observed when certain 
other indole derivatives were added to the enzyme before addi- 
tion of amino acyl adenylate. For example, indole, indoleacetic 
acid, tryptamine, and 6-methyl-pL-tryptophan inhibited ATP 
synthesis from t-alanyl] adenylate and pyrophosphate to approxi- 
mately the same extent as did equimolar concentrations of L- 
tryptophan. 

Previous studies (9) showed that the formation of tryptophan 
hydroxamate by the tryptophan-activating enzyme was inhibited 
by p-chloromercuribenzoate. We have confirmed this observa- 
tion and have found that the synthesis of ATP from pyrophos- 
phate and amino acyl adenylates is also inhibited by this reagent 
as well as by N-ethylmaleimide and allicin. Under certain ex- 
perimental conditions, these reagents produced greater inhibition 
of ATP synthesis from L-alanyl adenylate than from L-trypto- 
phany] adenylate; also, inhibition of the formation of tryptophan 
hydroxamate was greater than that of ATP synthesis from L- 
tryptophanyl adenylate. It seems desirable to repeat these 
studies with more highly purified enzyme preparations and 
therefore detailed publication of these investigations on the effects 
of sulfhydryl reagents will be postponed until such work is pos- 
sible. 


DISCUSSION 


These studies provide direct evidence for the synthesis of L- 
tryptophany] adenylate by beef pancreas tryptophan-activating 
enzyme. The evidence indicates that the product is enzyme- 
bound and that such binding results in stabilization of the an- 
hydride. Incubation of enzyme with L-tryptophany] adenylate 
also leads to formation of enzyme-bound L-tryptophany] adeny!l- 
ate. When such incubations are carried out for periods of 20 or 
30 minutes, all of the free anhydride is destroyed; that enzyme- 
bound anhydride remains under these conditions is indicated by 
formation of ATP on addition of pyrophosphate. Thus, L-tryp- 
tophany] adenylate can replace L-tryptophan and ATP in the 
formation of the enzyme-bound product: 


M 
Enzyme + t-tryptophan + ATP g* > 


(1) 
enzyme-L-tryptophany! adenylate + pyrophosphate 


¢ The amount of anhydride bound to the enzyme in these experi- 
ments is probably somewhat greater than the quantity of ATP 
formed, since the amount of ATP formed increased with increasing 
concentrations of pyrophosphate over the range 2.6 to 103 mumoles 
per ml. 
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Enzyme + L-tryptophanyl adenylate — 2) 


enzyme-L-tryptophanyl] adenylate 


Pyrophosphate is not required for Reaction 2. Magnesium ions 
were required for ATP synthesis with catalytic amounts of en- 
zyme in experiments of the type described in Table II and Figs. 
1 and 2. A requirement for magnesium ions could not be dem- 
onstrated for Reaction 2; however, it is possible that the enzyme 
preparation contains magnesium. It is of interest that the en- 
zymatic synthesis of carnosine from 6-alanyl] adenylate and his- 
tidine does not require added magnesium ions, whereas the 
synthesis of carnosine from 6-alanine, histidine, and ATP by the 
same enzyme preparation exhibits an absolute requirement for 
magnesium ions (10). 

The tryptophan-activating enzyme is highly specific for L-tryp- 
tophan in the “forward reaction” (Reaction 1 above). The 
reduced specificity of the tryptophan-activating enzyme in cata- 
lyzing ATP synthesis from pyrophosphate and amino acy] ad- 
enylates has been noted also by Novelli (25), and similar results 
have been observed by Berg (27) with Escherichia coli methio- 
nine-activating enzyme. This broad specificity appears to be 
related to the ability of the enzyme to combine with a wide va- 
riety of amino acyl adenylates. However, as shown here, trypto- 
phan-activating enzyme exhibits a much greater affinity for L- 
tryptophanyl adenylate than for other amino acy] adenylates. 
The ability of the enzyme to combine with a number of amino 
acyl adenylates suggests that the catalytically active sites react 
not only with the amino acid portion of the amino acy] adenylate 
molecule but also with the AMP moiety. Since all of the amino 
acyl adenylates possess a common group, it is probable that the 
affinity of the enzyme for the AMP moiety is partly responsible 
for the binding of the other amino acyl adenylates. Thus, L- 
alanyl adenylate is bound by the enzyme, but free L-alanine is 
not. On the other hand, free L-tryptophan presumably combines 
with a portion of the catalytic site which is specifically adapted 
to receive this amino acid. pb-Tryptophan also appears to com- 
bine with the catalytic site, evidently with much less affinity as 
demonstrated by the inhibition it exerts on ATP synthesis from 
L-alanyl adenylate. Binding of the amino acyl] adenylates also 
requires an unsubstituted amino group on the a-carbon of the 
amino acid moiety as indicated by the data of Table II. We 
therefore postulate an active enzymatic site that can combine 
with an externally supplied intermediate (L-tryptophany] ad- 
enylate), analogues of this intermediate (e.g. D-tryptophany] ad- 
enylate, L-alanyl adenylate) or the specific amino acid substrate 
(L-tryptophan). 

The present results appear to shed light on the unexpected 
observations that p-tryptophanyl adenylate was a better sub- 
strate for ATP formation than L-tryptophany] adenylate, and 
that a wide variety of amino acy] adenylates were active in ATP 
synthesis with catalytic quantities of enzyme. However, further 
investigations with very highly purified enzyme would be of 
importance in order to elucidate the nature of the binding of the 
anhydride, the role of the enzyme sulfhydryl groups (which are 
required for amino acy] adenylate formation and also for synthe- 
sis of ATP), and the transfer of the amino acyl moiety. 

The formation of enzyme-bound amino acyl adenylates by 
Reaction 2 obviously makes it possible to study the transfer of 
the amino acyl moiety of such intermediates, without utilizing 
the activity responsible for the synthesis of the amino acy! ad- 
enylate from amino acid and ATP (Reaction 1). Whether such 
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transfer is catalyzed by the same enzyme that is responsible for 
the synthesis of the enzyme-bound amino acyl adenylate re- 
mains to be determined unequivocally. 

The present demonstration of ATP synthesis from enzyme- 
bound amino acyl adenylates prepared by Reaction 2, and other 
investigations carried out in this laboratory (11, 12), which show 
transfer of the tryptophanyl moiety of enzyme-bound trypto- 
phany] adenylate to soluble RNA, indicate that externally sup- 
plied amino acy] adenylates can be utilized by enzymatic systems. 
There is as yet no proof that amino acyl adenylates are inter- 
mediates in the synthesis of the peptide bonds of protein. The 
enzymatic synthesis of carnosine from histidine and #-alany] 
adenylate (10) appears to be the only instance thus far observed 
in which there is direct evidence that an amino acyl adenylate 
can serve (in an enzyme-catalyzed reaction) as a precursor of a 
naturally occurring peptide bond. The present and cited (10-12) 
studies with amino acy] adenylates prepared by organic synthesis 
support the view that these anhydrides may be useful in inves- 
tigations of the enzymatic synthesis of peptide bonds, and sug- 
gest that such studies may lead to acquisition of further infor- 
mation concerning these important biochemical phenomena. 


SUMMARY 


1. The enzymatic synthesis of tryptophanyl adenylate by beef 
pancreas tryptophan-activating enzyme from tryptophan and 
adenosine triphosphate (ATP) in the presence of pyrophospha- 
tase and MgCl. has been demonstrated by experiments with 
C'-tryptophan. A large portion of the radioactive tryptophan 
was incorporated into the anhydride, which was isolated from 
the enzyme at the end of the reaction. The formation of C’- 
tryptophany] adenylate was also shown by an indirect procedure. 

2. Although this enzyme is highly specific for L-tryptophan in 
the hydroxamate-forming and ATP-pyrophosphate exchange 
reactions, it catalyzes ATP synthesis in the presence of pyro- 
phosphate from 16 other a-amino acyl adenylates (including 
p-tryptophanyl adenylate), but not from f-alanyl adenylate, 
L-tryptophany] inosinate, acetyl adenylate, and several adenosine 
5’-phosphate-2’(3’)-amino acid esters. Under these conditions 
(catalytic quantities of enzyme), D-tryptophany] adenylate is by 
far the most active substrate of all those examined. 

3. L-Tryptophan and to a much lesser extent pD-tryptophan 
inhibit ATP synthesis from amino acyl adenylates and pyro- 
phosphate. Treatment of the enzyme with amino acyl adeny!- 
ates reduces inhibition by L-tryptophan subsequently added, 
suggesting that L-tryptophan and the amino acyl adenylates 
combine with the same enzymatic sites. 

4. Enzyme-bound amino acy] adenylates prepared by incubat- 
ing enzyme with amino acy] adenylates for 20 to 30 minutes 
(during which time unbound free amino acyl adenylates were 
completely hydrolyzed), gave ATP when pyrophosphate was 
subsequently added. Studies of this type showed that ATP was 
formed in high yield when large amounts of enzyme were incu- 
bated with 0.5 x 10-* to 10-5 m L-tryptophanyl adenylate, 
whereas concentrations of the order of magnitude of 10-* m were 
required for ATP formation with the other amino acy] adenylates. 
These studies also indicate that the enzyme-anhydride complexes 
are much more stable than are the free uncombined anhydrides. 

5. The present studies demonstrate formation of the enzyme- 
L-tryptophanyl adenylate complex in 2 ways: (a) from ATP, 
L-tryptophan, and enzyme, and (6) from L-tryptophany] adeny]- 
ate and enzyme. Formation of enzyme-anhydride complexes by 
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Reaction (b) makes possible study of the transfer of the amino 
acyl moiety without utilizing the synthesizing activity of the 


enzyme. 


These studies indicate the usefulness of amino acyl 


adenylates prepared by organic synthesis (despite their great 
lability and tendency to acylate nonenzymatically) in investi- 
gations of enzymatic synthesis of peptide bonds. 


REFERENCES 


. KarasEK, M., CASTELFRANCO, P., KRISHNASWAMY, P. R., AND 


MeEIsTER, A., J. Am. Chem. Soc., 80, 2335 (1958). 


. KarasEk, M., CaASTELFRANCO, P., KRISHNASWAMY, P. R., AND 


MeIstTER, A., Abstracts of the Biophysical Society meeting, 
Cambridge, Massachusetts, 1958; Symposium on microsomal 
particles and protein synthesis, Pergamon Press, Ltd., Lon- 
don, 1958, p. 109. 


. Kinepon, H.S., WeBsTER, L. P., JR., AND DAVIE, E. W., Proc. 


Natl. Acad. Sci. U. S., 44, 757 (1958). 


. Bera, P., J. Am. Chem. Soc., 77, 3163 (1955). 
. Bera, P., J. Biol. Chem., 222, 1025 (1956). 
. HoaGuanp, M. B., KEuuER, E. B., anp ZAMECNIK, P. C., J. 


Biol. Chem., 218, 345 (1956). 


. DeMoss, J. A., AND NovVELLI, G. D., Biochim. et Biophys. Acta, 


22, 49 (1956). 


. Hoaauanp, M. B., ZamMecnik, P. C., SHARON, M., LIPMANN, 


F., StuLBERG, M. P., AND BoyrERr, P. D., Biochim. et Biophys. 
Acta, 26, 215 (1957). 


. Davis, E. W., KoNINGSBERGER, V. V., AND LIPMANN, F., Arch. 


Biochem. Biophys., 65, 21 (1956). 


. Katyanxar, G. D., anp MEtstTER, A., J. Am. Chem. Soc., 


81, 1515 (1959); J. Biol. Chem., 234, 3210 (1959). 


¥. R. Krishnaswamy and A. Meister 


11. 
12. 
13. 


S & 


415 


Wonga, K., Meister, A., anD MoLpAvE, K., Biochim. et Bio- 
phys. Acta, (1959), in press. 

Wonae, K., anp Mo.pave, K., J. Biol. Chem., 236 (1960), in 
press. 

CASTELFRANCO, P., MEISTER, A., AND MOLDAVE, K.; Abstracts 
of the Biophysical Society meeting, Cambridge, Massachusetts, 
1958; Symposium on microsomal particles and protein synthe- 
sis, Pergamon Press, Ltd., London, 1958, p. 115. 


. CASTELFRANCO, P., MoLpavE, K., anp Merster, A., J. Am. 


Chem. Soc., 80, 2335 (1958). 


. Moupave, K., CASTELFRANCO, P., AND MEIsTER, A., J. Biol. 


Chem., 234, 841 (1959). 


. MarkuaM, R., AND Smi1TH, J. B., Biochem. J., 52, 552 (1952). 
. Avison, A. W. D., J. Chem. Soc., 732 (1955). 

. MoupavE, K., anD MEIsTER, A., J. Biol. Chem., 229, 463 (1957). 
. HEpPEL, L. A., in S. P. Cotowick anv N. O. Kapuan (Editors), 


Methods in enzymology, Vol. II, Academic Press, Inc., New 
York, 1955, p. 570. 


. CraNE, R. K., anp Lipmann, F., J. Biol. Chem., 201, 235 


(1953). 


. CarpDINI, C. F., aNp L. F., in S. P. Cotowickx anp 


N. O. Kapuan (Editors), Methods in enzymology, Vol. III, 
Academic Press, Inc., New York, 1957, p. 835. 


. Hangs, C.S., anD IsHERWOOD, F. A., Nature, 164, 1107 (1949). 
. Buocg, R. J., Durrum, E. L., anp Zweie, G., A manual of 


paper chromatography and paper electrophoresis, 2nd edition, 
Academic Press, Inc., New York, 1958, p. 287. 


. Weiss, S. B., Acs, G., aND LipMANN, F., Federation Proc., 17, 


333 (1958). 


. NovE.ul, G. D., Proc. Natl. Acad. Sct. U. S., 44, 86 (1958). 
. Meister, A., LEvintow, L., R. B., anp GREEN- 


STEIN, J. P., J. Biol. Chem., 192, 535 (1951). 


. Bera, P., J. Biol. Chem., 233, 601 (1958). 


14 
15 
16 
18 
19 
20 
2 1 
22 
23 
| 
) 
| 


Tue JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 235, No. 2, February 1960 
Printed in U.S.A. 


Interaction between s-Fluoro-oxaloacetate and Glutamate- 
Aspartate Transaminase of Heart Mitochondria* 


E. Kun,f D. W. FANSHIER, AND D. R. GRASSETTI 


From the Department of Pharmacology and Experimental Therapeutics, the University of California 
Medical Center, San Francisco, California 


(Received for publication, September 4, 1959) 


In a previous publication (1) we have described the synthesis 
and chemical properties of 6-fluoro-oxaloacetic acid. This acid 
was found to be a potent inhibitor of mitochondrial malic dehy- 
drogenase (1,2). It is probable that fluoro-oxaloacetate inhibits 
other enzymes which react with oxaloacetate. We have per- 
formed further experiments in order to test this hypothesis. As 
a part of this study the effect of fluoro-oxaloacetate on glutamate- 
aspartate transaminase present in extracts of mitochondria was 


determined. 


EXPERIMENTAL 


Enzyme Assay—Glutamate-aspartate transaminase is often 
determined by the spectrophotometric measurement of oxaloace- 
tate at 280 mu. This method suffers from the disadvantage 
that unless the reaction is measured by its initial rate, reversible 
first order kinetics have to be applied as has been done, e.g. by 
Jenkins et al. (3). Knox et al. (4, 5) utilized the ultraviolet ab- 
sorption spectrum of enol-borate complexes of aromatic keto 
acids for the measurement of transaminase activity. Oxalo- 
acetic acid also forms an enol-borate complex with an absorption 
maximum at 290 my, and it was found that the glutamate- 
aspartate transaminase activity is easily determined by the meas- 
urement of this absorption band; the molar extinction coefficient 
of oxaloacetate at 280 my (pH 7.3) is 550 (6), that of the enol- 
borate complex is 1380 (at pH 8.4). The rate of enzymatic 
formation of oxaloacetate in the presence of borate is linear with 
time and directly proportional to the amount of enzyme within 
a wide range, thus “zero order” kinetics can be conveniently 
employed. 

The final procedure for transaminase assay was as follows. 
Two milliliters of a solution of K.B,0;-5 HO (100 umoles) in 
0.2 m Tris buffer of pH 8.4 containing aspartate and a-ketoglu- 
tarate of the desired concentrations were pipetted into a Beck- 
man cuvette; then 0.1 ml of 0.1 m MgSQO,, H.O, and enzyme 
solution were added to a final volume of 3.0 ml. The addition 
of the enzyme was followed by thorough mixing and the rate of 
change of absorbency at 290 my determined at 30-second inter- 
vals in the Beckman spectrophotometer. It was found that in 
this assay system Mg** increased the linear rate of oxaloacetate 
enol-borate complex formation from aspartate. The mechanism 
of action of Mg** is not known. It seems probable that Mgtt+ 
acts partly on the keto acid substrate, as in the case of dihydroxy- 
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-made earlier by Nisonoff et al. (11, 12). 


fumarate (7), by catalyzing keto-enol conversion, and also that 
it may have a stabilizing effect on the transaminase itself. The 
enzyme preparation used was an extract of acetone powder of 
pig heart mitochondria similar to that described earlier (6), ex- 
cept that the extraction was made with 0.1 m phosphate buffer 
(pH 7.4) containing 10-* m MgSO, and 5 ug of pyridoxal phos- 
phate per ml. 

Fluoro-oxaloacetate was prepared as previously described (1); 
the other substrates and reagents were of analytical grade. 

Amino Acid Analysis—Amino acid analyses were carried out 
after separation by paper electrophoresis in an apparatus similar 
to that of Crestfield and Allen (8) on Whatman No. | filter paper 
with potassium formate buffer (0.1 M, pH 3.6). The current was 
50 ma at 1000 volts. The length of filter paper was 40 cm. 
Amino acids were identified on the filter paper by the Cd+t- 
ninhydrin reagent of Barrolier (9) and determined spectrophoto- 
metrically as described earlier (6). Keto acids were identified by 
paper chromatography (6). 


RESULTS 


The effect of fluoro-oxaloacetate on the transamination of 
aspartate and a-ketoglutarate was determined on both forward 
and back reactions. More detailed kinetic analyses were made 
by the spectrophotometric test described above. 

When the aspartate concentration was kept constant (0.02 m), 
the apparent K, for a-ketoglutarate was found to be 3.5 x 107%. 
The K, value for aspartate was 5 x 10-4 at constant a-keto- 
glutarate concentration (0.02 m). Similar observations were 
Their data were ob- 
tained, however, by the direct spectrophotometric assay for 
oxaloacetate, a method which presupposes that the initial rate of 
oxaloacetate formation in this easily reversible reaction is a true 
measure of the rate of reaction. In the borate procedure the 
product, oxaloacetate, is removed as the enol-boraté complex, 
therefore product inhibition and reversibility of the reaction do 
not complicate the picture. Nisonoff et al. (11, 12) determined 
the K, of the transaminase by varying the concentration of an 
equimolar mixture of aspartate and a-ketoglutarate and obtained 
3.9 X 107%. 

The inhibitory effect of fluoro-oxaloacetate was determined 
under the same conditions, 2.e. by fixing one substrate and vary- 
ing the other. As shown in Fig. 1, which is a typical Dixon plot 
(13), the intersection of 1/Vmax and both straight lines obtained 
by plotting 1/v against fluoro-oxaloacetate concentration is 
identical. This indicates that K; (10-*) is independent of both 
aspartate and a-ketoglutarate concentrations. The simplest 
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interpretation of these results is that fluoro-oxaloacetate inhibits 
the aspartate-a-ketoglutarate reaction by competing for the site 
of the enzyme which reacts with oxaloacetic acid. We cannot 
exclude the possibility that fluoro-oxaloacetate under certain 
conditions competes with both oxaloacetate and aspartate, since 
the site of the enzyme which reacts with both C, dicarboxylic 
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APPARENT K; = 10°74 
ASP. 0.02 M 
100 ASP. 17x 10°54 
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Fic. 1. Inhibition by fluoro-oxaloacetate at varying substrate 
concentrations. The test system contains 0.195 mg of enzyme. 
Curve A, aspartate concentration was constant (0.02 m); the effect 
of varying concentrations of fluoro-oxaloacetate was determined 
at two concentrations of a-ketoglutarate (0 and @). Curve B, 
a-ketoglutarate concentration was constant; the effect of varying 
amounts of fluoro-oxaloacetate was determined at 2 concentrations 

of aspartate (A and X). 
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acids may be the same. The interpretation of our kinetic data 
may be restricted by experimental conditions, e.g. removal of 
oxaloacetate as the borate complex. Jenkins et al. (3) reported 
that certain dicarboxylic acids inhibit this transaminase by com- 
plex formation with the protonated enzyme. One may expect 
that this type of nonspecific inhibition would not be truly com- 
petitive as it is with fluoro-oxaloacetate. 

The reverse reaction, 7.e. the rate of aspartate formation with 
glutamate and oxaloacetate as substrates, was determined in the 
absence and presence of fluoro-oxaloacetate. The analytical 
difficulties of this method did not permit a detailed kinetic study. 
As shown in Fig. 2, fluoro-oxaloacetate was inhibitory. At lower 
oxaloacetate concentration (B), fluoro-oxaloacetate was a 
stronger inhibitor. 

It was found earlier that fluoro-oxaloacetate is a poor substrate 
of malic dehydrogenase (1). The possibility of the enzymatic 
formation of 6-fluoro-aspartate was therefore investigated. In- 
cubation of aspartate and fluoro-oxaloacetate in the presence of 
the enzyme preparation resulted in the formation of a substance 
which was identified chromatographically and by the spectrum 
of its borate complex as oxaloacetate. The rate of oxaloacetate 
formation was linear, as shown in Fig. 3. Since incubation of 
fluoro-oxaloacetate with the enzyme does not result in defluorina- 
tion or dehydrofluorination, the appearance of oxaloacetate in 
the presence of aspartate indicates that oxaloacetate formation 
must be preceded by transamination of aspartate with fluoro- 
oxaloacetate to fluoro-aspartate. The isolation of 6-fluoro-as- 
partate or its synthesis by all methods tested so far failed, ap- 
parently because of its extreme instability. The mechanism of 
oxaloacetate formation in the ‘“fluoro-oxaloacetate-aspartate- 
enzyme” system was further studied. Chromatographic analysis 
revealed the presence of fluoro-oxaloacetate and oxaloacetate as 
the only keto acids besides a trace of pyruvate, which is the result 
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Fic. 2. The rate of aspartate formation at varying concentrations of fluoro-oxaloacetate (FOAA). 


Upper curves in A and B rep- 


resent the rate in the absence of fluoro-oxaloacetate. The test system consisted of 0.1 m phosphate buffer of pH 7.45, containing 
10-3 m MgSO, and varying concentrations of substrates and fluoro-oxaloacetate in a final volume of 1.5 ml. The amount of enzyme 


was 2 mg per test, temperature 30°. OAA = oxaloacetate. 
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Fig. 3. The rate of oxaloacetate (OAA) formation as the result 
of enzymic reaction between aspartate (7.0 X 10-* m) and fluoro- 
oxaloacetate (7.0 X 10-3 m) in the presence of Mg** and borate. 
The amount of enzyme was 0.9 mg of protein, final volume 3 ml 
as described in ‘‘Methods.”’ 


of oxaloacetate decomposition. The only amino acid present in 
detectable amounts was aspartate. The chromatographic iden- 
tification of trace amounts of fluoro-aspartate remained uncer- 
tain. From these observations a probable pathway of the de- 
composition of fluoro-oxaloacetate initiated by transamination is 


as follows. | 


COOH COOH ‘een COOH 
FCH He CH, | rou 
* * | | ~ 
HCNH: =—O HCNH: 
COOH OOH OOH OOH 
B-fluoro-oxaloacetic acid 
COOH 
H HCH 
HF + = | + NH; 
=NH C=O 
boou coou 


According to this scheme, 1 mole of aspartate and 1 mole of 
fluoro-oxaloacetate yield 2 moles of oxaloacetate and 1 mole of 
NH;. Incubation at room temperature of an enzyme, in this 
case containing 2 mg of protein per ml, with 50 ywmoles of as- 
partate, 50 wmoles of fluoro-oxaloacetate, 20 umoles of Mg**, 
and 100 umoles of borate at pH 8.4 (under the conditions of Fig. 
3) resulted in formation of the oxaloacetate-borate complex. 
The same reaction was carried out in the main compartment of 
closed Warburg vessels containing 0.1 m HCl and 5 n NaOH in 
separate side arms. At the end of 1 hour the NaOH was tipped 
into the main compartment and the NH; allowed to diffuse into 
the HCl-containing arm for 16 hours. Analyses for NH; and 
oxaloacetate revealed that while 0.9 umole of oxaloacetate was 
formed, 0.40 umole of NH; was evolved. These values closely 
approach the above theoretical predictions. When borate was 
omitted from the incubation mixture, only half the amounts of 
both products were formed, clearly indicating that the removal 
of oxaloacetate as the borate complex accelerated the reaction 
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rate. While the rate of oxaloacetate formation from aspartate 
and a-ketoglutarate, as expressed by wmoles of oxaloacetate per 
mg of protein per hour, was 29.4, that from aspartate and fluoro- 
oxaloacetate was 0.95 for a given enzyme preparation. En- 
zymatic formation of oxaloacetate from fluoro-oxaloacetate oc- 
curs by the same mechanism when aspartate is replaced by either 
glutamate or cysteine sulfinate. 


DISCUSSION 


Enzyme inhibition studies with fluoro-oxaloacetate on glu- 
tamate-aspartate transaminase reveal two main points of in- 
terest. (a) There is a differential sensitivity to the same in- 
hibitor of two enzymes which react with oxaloacetate. Malic 
dehydrogenase (1) is about 13 times more sensitive (K; = 7.6 x 
10-* with malate as substrate) than the transaminase. The 
inhibition is, in each instance, competitive, and is probably due 
to the relatively high affinity of fluoro-oxaloacetate for the en- 
zyme (KA, of fluoro-oxaloacetate for malic dehydrogenase is 
1.4 X 10-‘, cf. (1)) and its very low turnover. (6) The slow 
transamination of fluoro-oxaloacetate with aspartate constitutes 
a pathway of inactivation of this inhibitor. No other amino 
acid tested could substitute for aspartate, glutamate, or cysteine 
sulfinate in this transamination followed by dehydrofluorination 
and deamination. This fact agrees with the known specificity 
of the glutamate aspartate transaminase (14, 15). Fluoro-as- 
partic acid is formed presumably as an enzyme-product complex. 
A specific, probably three point, attachment of fluoro-aspartate 
to the enzyme, which fixes the position of the NH2 group, 
may be the determining factor for the particular type of de- 
hydrofluorination and deamination observed. Ordinarily the de- 
composition of fluoro-aspartate might be expected to involve 
participation of the neighboring NH group to give hydroxyas- 
partate. 


COOH COOH COOH 
H 4+ OH- HCOH 
—> > + F- 
HCNH:2 H 
OOH boox OOH 
6-fluoro-aspartic 
acid 


This pathway is ruled out however, since neither hydroxyas- 
partate nor any of its transamination products were detectable 
in our system. 


SUMMARY 


Glutamic-aspartic transaminase is inhibited by 6-fluoro-oxalo- 
acetate. Kinetic analyses indicate that the inhibition is caused 
by competition with oxaloacetate. When £-fluoro-oxaloacetate 
is transaminated with aspartate, the resulting 6-fluoro-aspartate 
undergoes subsequent dehydrofluorination and deamination to 
oxaloacetate. 
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Although it is assumed that amino acids constitute the main 
source of glucose production in animals, relatively little modern 
work has been done on the magnitude of gluconeogenesis from 
amino acids or on the factors which might influence this process. 
Studies conducted in early years were based principally on the 
experimental techniques of measuring glucose excretion in phlo- 
rizinized or depancreatized animals (1) or of measuring increases 
of liver glycogen in fasting animals (2, 3). Such early studies 
were successful in characterizing the individual amino acids as 
either ketogenic or glycogenic, depending on whether they in- 
creased ketone body excretion or glucose excretion in the urine 
of diabetic or phlorizinized animals (4, 5); but the quantitative 
significance of such data has always been in dispute and up to 
the present time only scanty information is available concerning 
the extent of glucogenesis from individual amino acids. 

In previous studies from this laboratory (6), a method was de- 
vised, based on isotopic dilution of C'*-labeled blood glucose, to 
measure the rate of output, presumably hepatic, of newly syn- 
thesized glucose. It was recognized that the same procedure 
could be used to measure the formation of blood glucose from 
labeled precursors. If the assumption is correct that in the 
fasting animal essentially all of the newly synthesized glucose is 
released from the liver into the bloodstream, then the measure- 
ment of the uptake of C™ in the blood glucose should provide a 
reliable indication of the rate of glucogenesis from a C"*-labeled 
amino acid. Experiments testing this assumption, together with 
data on gluconeogenesis from glycine and serine, are presented 
in this report. 


EXPERIMENTAL 


Labeled Amino Acids—Glycine-2-C" and L-serine-3-C™ were 
purchased from the Volk Radiochemical Company. pD- and L- 
serine-3-C™ were prepared in our laboratory by resolution of 
DL-serine, with a small-scale modification of the Greenstein pro- 
cedure, starting with the chloroacetyl derivative (7). A typical 
preparation is described below. 

One gram of DL-serine was dissolved in 9.5 ml of 1 n NaOH, 
and the solution was partially frozen by immersion in an ice- 
salt mixture. Then 4.0 ml of 1 N NaOH and 3 ml of redistilled 
acetyl chloride were added in portions and the reaction mixture 
was shaken vigorously for a few minutes between additions. 
The solution was acidified to pH 1 with 2 ml of 2 n H.SQ,, then 


* This work was aided by grants from the American Cancer 
Society and from the National Cancer Institute, National In- 
stitutes of Health. 

t This work was conducted during the tenure of a one-year 
Postdoctoral Fellowship kindly awarded to one of us (G. B. N.) 
by the Women’s Auxiliaries of the Institute for Cancer Research, 
to whom we are greatly indebted. 


saturated with MgSO, and subjected to continuous ether ex- 
traction for 48 hours. Ether was evaporated from the extract, 
and the residue was washed with petroleum ether to remove 
chloroacetic acid formed during the reaction, and dried in a 
vacuum. Crude crystals (1.4 g) of chloroacetyl-pL-serine thus 
obtained were used for resolution. 

One gram of chloroacetyl-pL-serine was dissolved in 500 ml of 
water, the pH was adjusted to 7.6 with 1 n LiOH, and 10 ml of 
an aqueous solution containing 20 mg of acylase-I (280 units per 
g) were added. This enzyme was a commercial product ob- 
tained from the Pentex Company. The mixture was allowed to 
stand at 37-38° for 3 hours. The pH, which had dropped to 6.3, 
was again adjusted to 7.6 with LiOH, an additional 5 ml of the 
acylase-I solution was added, and the mixture was placed in an 
incubator at 37-38° for 12 hours. The digested solution (pH 
7.4) was brought to pH 5.0 with glacial acetic acid, and was 
treated with small portions of activated carbon (Norit) for 1 
hour and filtered. The treatment with carbon was repeated 
and the filtrate was evaporated to a small volume under reduced 
pressure at 40°. A large amount of 95% ethanol was added and 
the mixture was stored in a cold room (0—-2°) overnight. The 
crystals of L-serine which appeared were washed free of LiOH 
with ethanol and were dried over sulfuric acid in a desiccator; 
they were weighed, yielding 0.23 g (87% of the theoretical yield). 
Mp — 8.03° in water: Mp recorded — 7.9°, (7). 

The mother liquor was concentrated under reduced pressure 
at 30°, acidified to pH 1.0 with 50% H.SO,, saturated with 
MgSO,, and subjected to continuous extraction with ether for 
48 hours. Ether was evaporated under reduced pressure at 30°, 
the residue was refluxed for 2 hours with 5 ml of 2 N HCl, and 
the solution was evaporated to dryness under reduced pressure 
and dissolved in water. The pH was brought to 5 with 1 N 
LiOH, and the solution was treated with active carbon as before 
and then filtered. The filtrate was evaporated to a small volume, 
a large quantity of 95% ethanol was added, and the mixture was 
stored in a cold room overnight. The crystals which separated 
were washed with ethanol and dried over sulfuric acid in a desic- 
cator; they weighed 0.19 g (72.5% of the theoretical yield). 
Mp + 8.07° in water. 

Experimental Procedures—Male rats obtained from Carworth 
Farms and weighing about 200 g were fasted for 24 hours, then 
given a “trace” dose of the C-labeled amino acid (about 1 to 
20 mg containing 1 to 2 we of C) by intraperitoneal injection, 
with or without simultaneous administration of glucose (5 
mmoles/3 ml of water) by stomach tube. In experiments with 
postabsorptive rats, described in Table III, animals which had 
been fasted for 24 hours previously were given 5 mmoles of glu- 
cose by stomach tube 4 hours before injection of labeled amino 
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acid and were immediately placed in a Medes metabolism cham- 
ber (8). The respiratory CO, was collected in hourly portions 
by absorption in NaOH and precipitation as BaCOs. After 
stated intervals the animals were decapitated and the blood was 
collected in small beakers containing heparin. The liver was 
quickly removed, weighed, and placed in hot 30% KOH for 
isolation of liver glycogen by the method of Boxer and Stetten 
(9). Skeletal muscles were treated similarly for isolation of 
muscle glycogen. 

Representative specimens of liver glycogen obtained from 
p-serine-3-C and L-serine-3-C™ were degraded to determine the 
distribution of radioactivity in each carbon atom of glucose. 
For this purpose a fermentation procedure which used Leuco- 
nostoc mesenteroides was carried out as described earlier (10). 

In the estimation of incorporation of labeled amino acid car- 
bon into blood glucose, advantage was taken of a method previ- 
ously used for following blood glucose turnover (6). This con- 
sists in oxidation of blood glucose to formic acid by means of 
periodate, followed by oxidation of formate to CO: by mercuric 
ions. Treatment of the blood filtrate with Amberlite MB-3 ion 
exchange resin was found to remove amino acids quantitatively, 
and control tests run with radioactive glycine and serine added 
to blood filtrates demonstrated that the blood glucose carbon 
can be recovered quantitatively from an Amberlite MB-3 eluate 
without interference from radioactive amino acids in the blood. 

Two milliliters of blood were deproteinized by the method of 
Somogyi (11), and 5 ml of the resulting filtrate were passed 
through an Amberlite MB-3 column, 0.6 X 20 cm. The eluate 
and washings were made to 25 ml, from which 1 or 2 ml were 
used for blood sugar determination by the anthrone method (12) 
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and 20 ml taken for duplicate determinations of blood glucose 
radioactivity (6). 

The glycogen samples obtained from liver and muscle were 
purified by repeated solution in 10% trichloroacetic acid and 
precipitation with 1.2 volumes of ethanol. Finally the glycogen 
was dissolved in water, reprecipitated with ethanol, and dried in 
a vacuum desiccator and weighed. For radioactivity assay, 
samples were oxidized quantitatively to CO, by the persulfate 
method (13). 


RESULTS 


Gluconeogenesis from Serine-3-C'*—Data on the quantities and 
isotope distribution in four products of serine metabolism, viz. 
liver and muscle glycogen, blood glucose, and respiratory CO, 
are recorded in Table I. As anticipated, the quantity of liver 
glycogen was high in animals given glucose in addition to the 
labeled serine, averaging about 2%, and was negligible in the 
fasted rats. Similarly, the incorporation of radioactivity in liver 
glycogen was negligible in the fasted rats and quite high (5.30 
and 8.05% on the average for L- and D-isomers, respectively) in 
the glucose-fed rats. The glucose-fed rats had about twice as 
much muscle glycogen content as the fasted ones, and the fed 
rats incorporated on the average far more radioactivity in this 
fraction than the fasted animals. The average levels of blood 
glucose were only slightly higher in the glucose-fed than in the 
fasted rats, but there was a marked difference in the incorpora- 
tion of radioactivity. For t-serine, there was, on the average, 
a ratio of 0.98:0.30, or 3.3 times more C" in the blood of the 
fasted than of the fed rats; and for p-serine, the corresponding 
ratio was 3.34:1.62, or 2.1 times more C%. Oxidation to CO 


TABLE I 3 
Distribution of isotope from pb- and L-serine-3-C'4 in tissue glycogens, blood sugar, 
and respiratory CO2, in fasted and glucose-fed rats 


Experimental details are given in the text. 
ments. 


Numbers in parentheses at the head of each column give the total number of experi- 
Observed ranges are given in parentheses under each value. 


Amounts of liver and muscle glycogen are given in per cent of 


fresh weight of tissue; blood sugar is in mg per 100 ml of blood; and respiratory CO: is in mmoles excreted per rat over the designated 


experimental period. Duration of experiment, 4 hours. 


Activities are total activities expressed as percentage of injected radioactivity; those for liver glycogen are on the basis of the weight 
of the freshly excised liver; those for muscle glycogen are estimated on the basis of a total weight of muscle equivalent to 50% of the 
body weight; total activities of blood sugar are based on the assumption that the glucose space is essentially that of the extracellular 


fluid, taken to be 30% of the body weight (20). 


L-Serine p-Serine 
Fasted Glucose-fed Fasted Glucose-fed 
Amount Activity Amount Activity Amount Activity Amount Activity 
(2) (2) (9) (9) (3) (3) (9) (9) 
% % % % % % % % 
Liver glycogen 0.038 2.13 5.30 0.06 1.83 8.05 
(0.018—0.058 ) (1.44-2.52) | (4.03-7.40) | (0.00-0.12) (0.91-2.75) | (5.65-11.5) 
Muscle glycogen 0.22 0.057 0.44 1.77 0.29 0.86 0.46 4.67 
(0.20-0.24) |(0.043-0.072); (0.42-0.53) | (0.79-3.32) | (0.27-0.35) | (0.44-1.71) | (0.38-0.52) | (3.25-6.71) 
Blood sugar 76 0.98 97 0.30 81 3.34 92 1.62 
(73-79) (0.96-1.00) (92-105) (0.0-0.30) (74-86) (3.11-3.50) (87-100) (1.23-2.04) 
Respiratory CO, 34.7 32.3 40.1 31.2 34.4 31.7 35.3 28.1 
(34.0-36.4) | (32.1-32.5) | (39.8-40.3) | (80.6-31.8) | (384.3-34.5) | (30.8-32.7) | (31.7-39.0) | (28.0-28.3) 
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Distribution of C™ of glycine-2-C™ in tissue glycogens, blood sugar, and respiratory CO2, in fasted and glucose-fed rats 


Values are as given in Table I. 


Amount Activity 
Fasted 1 hr. 2 hr. 4 hr. 1 hr. 2 hr. 4 hr. 
(2) (2) (2) (2) (2) (2) 
% % % % % Ses 
Liver glycogen 0.24 0.14 0.07 0.43 0.10 
(0.09, 0.40) (0.01, 0.37) (0.02, 0.128) (one expt.) (one expt.) 
Muscle glycogen 0.26 0.26 0.27 0.07 0.02 0.02 
(0.26, 0.26) (0.26, 0.27) (0.26, 0.28) (0.05, 0.09) (0.01, 0.02) (0.018, 0.023) 
Blood sugar 86 59 72 3.70 1.68 0.85 
(86, 87) (44, 74) (64, 80) (3.58, 3.84) (1.04, 2.32) (0.71, 0.99) 
Respiratory CO2 8.8 17.5 29.9 2.40 5.30 8.07 
(8.2, 9.5) (16.0, 19.0) (29.9, 29.9) (1.93, 2.95) (4.67, 5.95) (7.94, 8.21) 
Glucose-fed (5) (5) (4) (S) (S) (4) 
Liver glycogen 0.98 1.22 3.10 2.26 3.14 5.02 
(0.72-1.25) (0.48-1.55) (2.90-3 .30) (1.41-2.73) (2.25-4.24) (3.3-7.23) 
Muscle glycogen 0.28 0.29 0.43 0.44 0.41 0.78 
(0.21-0.36) (0.19-0.35) (0.42-0.56) (0.20-0.72) (0.27-0.49) (0.57-1.06) 
Blood sugar 132 117 97 0.78 0.33 0.12 
(123-140) (105-130) (90-105) (0.38-1.07) (0.32-0.36) (0.06-0.18) 
Respiratory CO: 10.1 18.6 34.7 4.35 8.1 11.2 
(10.1-10.2) (17.4-20.4) (32.5-36.9) (4.0-4.9) (7.1-8.7) (10.3-12.2) 


of either p- or L-serine was not greatly affected by the dietary 
condition; the quantities of CO. excreted in fed and fasted rats, 
and also the incorporation of radioactivity therein, were of similar 
magnitude. 

Gluconeogenesis from Glycine-2-C'*—In Table II there are re- 
corded data on the metabolism of glycine-2-C™. In this experi- 
ment, fasted rats were given “trace” doses of the labeled glycine, 
with or without a simultaneous intragastric injection of 5 mmoles 
of glucose in 3 ml of water, and were sacrificed 1, 2, or 4 hours 
later. The experiment provided additional data on the time 
course of gluconeogenesis from glycine. As was already re- 
ported for serine, the glucose-fed rats displayed a remarkably 
different pattern of glycogenesis from that of the fasted animals. 
With glucose feeding, relatively large amounts of radioactivity 
were found in the liver glycogen, and the incorporation increased 
from 2.26% in 1 hour to 5.02% in 4 hours. In contrast, in the 
fasted rats, the small initial quantity of liver glycogen was further 
depleted during the 4-hour period and no appreciable incorpora- 
tion of glycine occurred in liver glycogen. 

Although the levels of muscle glycogen did not change during 
the 4-hour experimental period, far more radioactivity was in- 
corporated therein in the fed than in the fasted rats. In the 
former, the incorporation increased from 0.4% at 1 hour to 0.8% 
in 4 hours; in the latter, the already low average incorporation 
of 0.07% at 1 hour declined to 0.02% at 4 hours. 

At each time interval studied, the blood sugar level was some- 
what higher in the glucose-fed rats, but the differences declined 


with time, as expected. However, marked differences were 
found in the incorporation of activity therein. In 1 hour 3.7% 
of the injected dose appeared in the blood sugar of the fasted 
rats; the activity subsequently declined to 1.7% in 2 hours and 
to 0.85% in 4 hours. In contrast, the incorporation of radio- 
activity in blood sugar of the glucose-fed rats was less than one- 
fourth that of the fasted in 1 hour, about one-fifth after 2 hours, 
and about one-seventh after 4 hours. 

As was observed previously (10), glycine was oxidized to COs, 
but not nearly so rapidly as serine; in 4 hours only about 8% of 
the injected dose was recovered in the respiratory CO2, whereas 
after the same interval over 30% of p- or L-serine was thus con- 
verted. A somewhat surprising finding was the increased oxida- 
tion of glycine in the glucose-fed rats. Despite the presence of 
large amounts of glucose, the fed animals oxidized glycine from 
1.4 to 1.8 times as rapidly as did the fasted rats. 

Postabsorptive Rats—The low levels of liver glycogen pre- 
cluded an accurate estimation of liver glycogenesis in the fast- 
ing rat. In order to obtain better data on neogenesis of liver 
glycogen without the complication of glucose feeding, a series of 
similar experiments was performed with postabsorptive rats. 
Cori (14) observed that 4 hours after ingesting 5 mmoles of glu- 
cose, rats have a normal blood sugar, but a reproducibly high 
level of liver glycogen. Trace doses of glycine were given to 
such treated rats. As shown in Table III, essentially the same 
pattern of glycine metabolism appeared in the treated as in the 
fasted rats. Blood sugar radioactivity was high, reaching its 
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TaBLeE III 
Distribution of C' of glycine-2-C" in tissue glycogens and blood sugar of 4-hour postabsorptive rats 


Values are as given in Table I. 


Amount Activity 
1 hr. 2 hr. 4 hr. 1 hr. 2 hr. 4 hr. 

(8) (4) (4) (8) (4) (4) 
sats % % % % % % 
Liver glycogen 3.15 2.66 1.43 0.24 0.27 0.10 

(1.89-4. 28) (1.68-3 .23) (1.05-2.40) (0.02-0.50) (0.12-0.52) (0.03-0.18) 
Muscle glycogen 0.47 0.46 0.44 0.03 0.02 0.03 
(0.36-0.57) (0.37-0.52) (0.43-0.45) (0.0-0.08) (0.0-0.05) (0.02-0.04) 
Blood sugar 98 97 94 2.5 1.45 0.94 
(82-114) (90-100) (90-97 ) (1.39-3.35) (1.26-1.49) (0.56-1.16) 
peak in 1 hour and declining thereafter. Muscle glycogen con- TaBLe IV 


tent remained steady at 0.46% over the 4-hour period, with 
essentially no incorporation of radioactive carbon. At all time 
periods, liver glycogen was high, so that there was no difficulty 
in the isolation and assay of radioactivity. Nevertheless, the 
incorporated radioactivity was very low and declined with time. 
It is certain, therefore, that under postabsorptive conditions 
there is no rapid replacement or turnover of liver glycogen de- 
rived from glycine. 

Glycogenesis from D- and L-Serine—It was reported earlier (10) 
that glycogenesis from D,L-serine-3-C™ occurs, in part at least, 
by a pathway more direct than would be suggested by its trans- 
formation to pyruvic acid. The basis for this conclusion was the 
observation that in glycogen produced from pyruvate-3-C%, 
pyruvate carbon 3 was more highly randomized among the 6 
glucose carbons than was serine carbon 3 in glycogen produced 
from serine-3-C'4. It was pointed out earlier (15-17) that py- 
ruvate yields glucose apparently only by way of 4-carbon acids, 
since the glycogen synthesized in rats receiving pyruvate-3-C' 
has almost as much activity in glucose carbon atoms 2 and 5 as 
in carbons 1 and 6. Thus, a lower degree of randomization than 
that exhibited by pyruvate is indicative of a by-pass in metabo- 
lism allowing entry to glycogenic pathways above pyruvate. 
That such a path exists for pD-serine, but not for L-serine, is 
demonstrated in Table IV, in which are given the results of deg- 
radation of liver glycogen. When L-serine was the glycogen 
precursor, the (Ci; + Ce) — (C2 + Cs) values were 17 and 12% 
respectively, indicating a randomization consonant with the in- 
termediary participation of pyruvate in its conversion to glu- 
cose. On the other hand, p-serine-3-C™ yielded glycogens with 
(C; + Ce) — (C2 + Cs) values of 64 and 62% respectively, 
indicating a low degree of randomization and hence the elimina- 
tion of pyruvate as a major intermediate in its conversion to 
glucose. 


DISCUSSION 


The conversion of substantial quantities of glycine and serine 
carbon to blood glucose and tissue glycogen confirms previous 
balance studies on the glycogenic properties of these amino acids 
(1-3). The appearance of large amounts in the blood glucose of 
fasting and postabsorptive rats, coupled with the almost com- 
plete absence in liver glycogen, indicates that in these conditions 


Distribution of C'* in glucose carbons of liver glycogen 

tsolated after administration of D- and L-serine-3-C'* 
Details of degradation procedure are given in a previous publi- 
cation (12). Values are percentage of total activity of glycogen. 


L-Serine D-Serine 
Glucose carbon No. 
1 29 25 38 37 
2 19 23 8 9 
3 8 6 4 4 
4 8 6 4 4 
5 14 15 6 6 
6 21 25 39 40 
(Ci + Ce) — (C2 + Cs) 17 12 64 62 


essentially all of the glucose synthesized by liver passes into the 
blood without appreciable equilibration with liver glycogen. 
However, when glucose was fed simultaneously with the injec- 
tion of the labeled amino acid, incorporation in blood glucose 
was depressed while incorporation in liver glycogen was corre- 
spondingly enhanced. ‘These results are in keeping with present 
views (18), in which it is assumed that the net flow of glucose is 
normally outward from the liver but is reversed during hyper- 
glycemia. Although the mechanism of the regulation of hepatic 
glucose transport is uncertain, there is evidence that the sup- 
pression of hepatic output is mediated by means of insulin (6, 
19). Although the site of this regulation is likewise uncertain, 
it is reasonable to assume that an interference with the normal 
process of glucose release results in the accumulation of glucose 
6-phosphate, which then follows the alternate pathway to gly- 
cogen. But this is probably a gross oversimplification of an 
exceedingly complex control mechanism, 

Glucose entering the blood of fasting animals undergoes con- 
stant replacement at a rate approximating a half-time of 60 
minutes (20). Hence one can assume that a major proportion 
of “new” glucose derived from a trace quantity of labeled pre- 
cursor would enter the blood quickly and thereafter would be 
removed at the same rate as the blood glucose. This process is 
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Triose phosphate 


Pyruvate Hydroxypyruvate 


L-serine 
Fie. 1 


seen clearly with p a of which over 4 times as much incor- 
poration was observed after 1 hour as after 4 hours. Therefore 
one can assume that the actual incorporation of serine in blood 
glucose was also considerably higher (possibly 4 to 8 times) 
than is indicated in Table I. 

The level of radioactivity in blood glucose was, at all time 
periods studied, considerably higher in the fasted than in the fed 
rats. This difference can doubtless be attributed to two prin- 
cipal causes: (1) the lack of suppressive mechanisms for hepatic 
glucose release in the fasted animals, which makes more glucose 
available to the blood at the expense of liver glycogen synthesis; 
and (2) a more rapid turnover of blood glucose in the fed animals, 
which tends to remove the radioactivity from the blood, and thus 
accounts also for the higher incorporation of radioactivity in 
muscle glycogen. Since hardly any radioactivity is incorporated 
in the liver and muscle glycogen in fasting, it is clear that a study 
of the time course of blood glucose labeling after the injection of 
labeled precursors should provide a reliable measure of gluco- 
neogenesis under steady state conditions. More detailed time 
studies are now under way. 

The greater utilization of D-serine over L-serine for glucogenesis, 
as shown in Table I, is consonant with a more direct path for the 
former, and this is, of course, borne out by the C-distribution 
data in Table IV. The immediate product of p-serine metabo- 
lism is probably hydroxypyruvate, since (a) this substance was 
identified as a metabolite of p,L-serine, but not of L-serine, in 
rat liver (21); and (b) p-serine is a substrate of D-amino acid 
oxidase (22-25). The entry to the main pathway of glucogenesis 
is probably by means of glyceric and p-phosphoglyceric acid, 
although a new possibility, by way of formate and dihydroxy- 
acetone, has been revealed recently by Dickens (26). 

The situation with L-serine is considerably more complicated. 
There is good evidence for linking hydroxypyruvate with the 
synthesis of L-serine from glucose (27-31), but the scanty evi- 
dence hitherto available did not clearly establish whether hy- 
droxypyruvate or pyruvate itself is on the main pathway of the 
reverse process. From the report of Chargaff and Sprinson (32) 
that pyruvate is formed in rat liver in the presence of L-serine, 
and the occurrence in many microorganisms of a serine deaminase 
which converts serine directly to pyruvate, it has been assumed 
that this is the mechanism whereby L-serine is metabolized in 
the rat, but substantiating evidence for the existence of this en- 
zyme in animals has appeared only since completion of this 
study (33). The present results clearly establish that a high 


degree of randomization occurs during gluconeogenesis from 
L-serine-3-C™ and thus implicate pyruvate as a direct major in- 
termediate. While this work was in progress, similar conclusions 
were announced by Minthorn e¢ al. (34). 

At first glance, the formation of pyruvate from serine is at 
variance with previous indications that pyruvate is not an inter- 
mediate of serine metabolism, based on its nonconversion to 


Vol. 235, No. 2 


acetoacetate in rat liver slices (35). It is probable, however, 
that the results in vitro do not necessarily portray accurately the 
metabolism in the intact animal. The results here reported are 
also somewhat at variance with studies in vitro of Elwyn et al. 
(36) who found that p-serine was not oxidized at all and that 
L-serine was as efficient a precursor of glucose as was D-serine in 
rat liver slices. 

The results of the present study, taken in the light of these 
previous findings, confirm the suggestion by Ichihara and Green- 
berg (37) that L-serine follows a cyclic path in its biosynthesis 
and its conversion to glucose, as shown in Fig. 1. 


SUMMARY 


The incorporation of radioactivity into the blood glucose, 
liver and muscle glycogen, and respiratory CO, was determined 
after the injection of p- and L-serine-3-C" and glycine-2-C%. In 
fasting rats, incorporation was rapid in blood glucose, but negli- 
gible in liver and muscle glycogen. In rats fed glucose simul- 
taneously, incorporation was markedly reduced in blood glucose, 
greatly increased in liver glycogen, and moderately increased in 
muscle glycogen, but oxidation to CO2 was not greatly affected. 
p-Serine was more readily incorporated in blood glucose and in 
liver and muscle glycogen than L-serine, but was oxidized to CO, 
at about the same rate. Distribution of C' among the carbon 
atoms of glucose derived from liver glycogen, determined by a 
fermentative procedure, revealed a far greater randomization of 
carbon 3 of L-serine among glucose carbon atoms 1, 2, 5, and 6. 
These data confirm previous suggestions that D-serine is me- 
tabolized by means of hydroxypyruvate, whereas L-serine yields 


pyruvate. 


Addendum—After submitting this paper for publication, we 
became aware of the study by Dickens and Williamson (38), 
which showed (a) that B-hydroxypyruvate was readily converted 
to glucose in the intact rat and in rat liver slices; and (6) that 
randomization of carbon 3 of B-hydroxypyruvate-3-C™ was not 
very different from that observed here with p-serine-3-C™ and 
was similar to that previously reported by us (10) for p,L-serine- 
3-C™4, They also showed that L-serine-3-C™ was converted to 
glucose slowly in rat liver slices, but did not degrade this. These 
investigators considered the various pathways of glucogenesis 
from serine, and their conclusions are in general consonant with 
those here presented. However, they envisioned the possibility 
of a direct conversion of L-serine to hydroxypyruvate by means of 
transamination (31). This possibility seems to be ruled out as 
an important process since our degradation data show extensive 
randomization of L-serine carbon 3 in liver glycogen. 
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Although the requirement of ascorbic acid in collagen forma- 
tion has been well documented (1-5), there is as yet no agreement 
as to the mechanism involved. Some of the hypotheses that 
have been proposed are (a) that ascorbic acid is necessary for the 
formation of collagen fibers from a precollagen (1), (6) that it is 
required for the formation of hydroxyproline from bound proline 
in a precollagen peptide (2, 3), (c) that it is involved in the 
synthesis or the incorporation of “active” hydroxyproline (4), 
and (d) that a deficiency of ascorbic acid either interferes with 
the synthesis of new collagen or results in its destruction as it is 
formed (5). 

In this report data are presented to show that, under scorbutic 
conditions, the incorporation into collagen of both proline and 
hydroxyproline is decreased while the hydroxylation of proline 
appears to be unaffected. This decreased incorporation of the 
imino acids is not ascribable to a decreased protein synthesis 
which is in general the result of inanition, since induction of 
enzyme synthesis is not impaired under similar conditions. 


EXPERIMENTAL 


Granuloma tissues were obtained by injecting subcutaneously 
5 ml of a 1% carrageenin solution! into guinea pigs weighing ap- 
proximately 250 g, as described by van Robertson and Schwartz 
(3). All animals were fed an ascorbic acid-deficient diet (Nu- 
tritional Biochemicals Corporation) throughout the experimental 
period. The control groups were given injections of 100 mg of 
sodium ascorbate in 0.5 ml of 0.9% sodium chloride solution on 
the 8th day. Thereafter they were given orally 50 mg of sodium 
ascorbate in 10% sucrose solution every day until the 11th day 
when the granulomas were removed. The control and experi- 
mental (scorbutic) groups were pair-fed to equalize the caloric 
intake between the two groups. For the radioactive experi- 
ments, 8 uc of uniformly labeled L-proline-C™ were injected sub- 
cutaneously into each guinea pig on the 9th day of granuloma 
development and subsequently at 12-hour intervals until a total 
of 24 we had been administered. Urine was collected from the 
9th day immediately before the injection of radioproline until 
the experiment was terminated 48 hours later on the 11th day. 
Urine samples were hydrolyzed overnight in 6 N HCl, and the 
amino acids were selectively removed from the hydrolysate by 
the method of Hamilton and Ortiz (6). The procedures for 
isolating and purifying collagen and the imino acids, and for 
assaying the latter, have already been described (7, 8). 


* Present address, Department of Biological Sciences, Stanford 
Research Institute, Menlo Park, California. 

1 We are indebted to Mr. Leonard Stoloff of Marine Colloids, 
Inc., New Bedford, Massachusetts, for the generous supply of 
purified carrageenin. 


Microsomal Hydroxzylase Induction—Injections of 10 mg of 
benzpyrene dissolved in 1.0 ml of corn oil (Mazola) were given 
intraperitoneally to guinea pigs on the 10th day of granuloma 
development. The animals were killed 24 hours later, and liver 
granuloma were removed. The liver was assayed for its acet- 
anilide hydroxylase activity as described previously (9). 

Tryptophan Pyrrolase Inductton—On the 11th day L-trypto- 
phan was administered to guinea pigs in the manner described 
by Lee (10), and 5 hours later the enzyme activity in the liver 
was assayed by the method of Mehler et al. (11). 


RESULTS 


The effect of ascorbic acid deficiency is clearly demonstrated 
by the lower concentration of hydroxyproline in the granuloma 
tissue and by the lower specific activity of the isolated gelatin 
in contrast to those of the control animals (Table I). The data 
on the specific activities of the gelatin imino acids indicate that 
the incorporation of proline as well as hydroxyproline is affected 
by ascorbic acid deficiency. On the other hand, analyses of the 
urinary imino acids reveal the normal conversion of proline to 
hydroxyproline. 

As indicated above, care was taken to pair-feed the control 
and the experimental groups so as to eliminate complications 
arising from inanition in the latter group. Evidence that de- 
ficiency in protein synthesis in general does not exist in the ex- 
perimental group was obtained by the enzyme induction studies. 
Data presented in Table II show that the scorbutic guinea pigs 
responded as well as the control animals to the two different in- 
ductors. 


DISCUSSION 


Studies by van Robertson and Schwartz (3) of the carrageenin- 
induced granuloma and by Gould and Woessner (2) of healing 
skin wounds in scorbutic guinea pigs led them to postulate that 
ascorbic acid was required for the conversion of a protein, rich 
in proline and glycine, to a collagen precursor rich in hydroxy- 
proline. Recently, van Robertson et al. (4) showed that the 
tannic acid-precipitable protein in the carrageenin granuloma of 
the scorbutic guinea pig did not contain sufficient proline and 
glycine to be a collagen precursor. Radioactive studies also re- 
vealed that the specific activities of proline and hydroxyproline 
in normal, scorbutic, and recovery granulomas were not consist- 
ent with their original hypothesis (4). In view of these findings, 
they postulated that ascorbic acid may be required for the syn- 
thesis of “active” hydroxyproline or its incorporation into 
collagen. It should be pointed out that the radioactive studies 
of van Robertson’s group were carried out with relatively impure 
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TABLE I 
Specific activities and amounts of imino acids in granuloma and urine 


Guinea pigs received 8 uc of proline-C' (13.1 we/umole) intraperitoneally on the 9th day of granuloma development and at 12-hour 
intervals until 24 uc had been administered. The animals were killed 48 hours after the first dose of proline-C". 


Granuloma Urine 
Group and No. of guinea pigs . 
Gelatin Hydroxyproline Proline Hydroxyproline Proline 
c.p.m./mg mg/g (wet) c.p.m./pmole c.p.m./pmole mg/48 hr c.p.m./pmole mg/48 hr c.p.m./pmole 
1536 . 1.21 1122 900 3.9 729 887 
1766 1.52 1433 1222 5.7 1626 1558 
Experimental (2)*........... 455 0.42 294 336 4.5 1193 1689 
1518 1.21 1453 1406 2.2 1234 7.1 6678 
Experimental (1)............ 826 0.85 452 615 1.8 1533 9.3 6871 
* Granuloma and urine were pooled from each of the 2 guinea pigs before analyses. 
collagen. They found that the specific activity of proline in TaBLeE II 


normal and in scorbutic granuloma was approximately the same, 
whereas the specific activity of hydroxyproline in the former was 
much higher than that in the latter. 

In the present report, studies were conducted with a more 
highly purified collagen, as evidenced by the ratio of proline to 
hydroxyproline of approximately 1:1 (7). The finding that the 
specific activity of proline as well as of hydroxyproline is lower 
in the scorbutic granuloma indicates that the functional role of 
ascorbic acid in collagen synthesis may be more than participa- 
tion in the hydroxylation of proline. In fact, the data on the 
urinary hydroxyproline militate against the view that impaired 
hydroxyproline formation is the primary manifestation of ascor- 
bic acid deficiency. The present data could be accounted for by 
the supposition of Gross (5) that in scorbutic guinea pigs, destruc- 
tion and removal of new collagen may be as rapid as its forma- 
tion. However, there is no direct evidence for this hypothesis. 
Moreover, Williams (12) has presented evidence that both syn- 
thesis and breakdown of connective tissue fiber are inhibited in 
the absence of ascorbic acid. 

The fact that less proline and hydroxyproline is incorporated 
into scorbutic granuloma than into normal granuloma indi- 
cates that the protein synthetic mechanism may be defective in 
scorbutic guinea pigs. Studies on the formation of microsomal 
acetanilide hydroxylase and soluble tryptophan pyrrolase with 
scorbutic guinea pigs revealed no abnormality in their ability to 
synthesize new liver proteins under the present experimental 
conditions. The adaptive nature of these enzymes has already 
been demonstrated (13-15). In scorbutic animals, the fibro- 
blasts remain immature although their proliferative power is not 
impaired (12). It appears that collagen formation is intimately 
dependent on the cellular activities of the mature fibroblasts and 
that ascorbic acid may exert its effect on collagen synthesis in- 
directly by its participation in the maturation of the cells. The 
apparent normal conversion of proline to hydroxyproline in 
scorbutic guinea pigs indicates either that immature fibroblasts 
can catalyze the formation of hydroxyproline without ascorbic 


~ acid or that hydroxyproline is formed at sites other than in fibro- 


blasts and transported there for collagen synthesis. 
SUMMARY 


After the administration of L-proline-C™ to nonscorbutic and 
scorbutic guinea pigs bearing carrageenin granulomas, purified 
gelatin was isolated and the specific activities of proline and 


Enzyme induction studies 


One part of liver was homogenized in 2 parts of isotonic KCl, 
and the supernatant fraction was obtained after centrifuging at 
15,000 X gfor10 minutes. For acetanilide hydroxylase assay, the 
incubation mixture consisted of 1 ml of supernatant fraction, 0.5 
ml of pH 8.5 1:1 tris-phosphate buffer, 0.5 m, 10 umoles of acet- 
anilide, 0.1 ml each of nicotinamide (5 umoles) and triphospho- 
pyridine nucleotide (0.26 umole) and 10 uwmoles of glucose-6- 
phosphate. For tryptophan pyrrolase assay the ‘incubation 
mixture contained 2 ml of the supernatant fraction, 10 umoles 
of tryptophan, and 200 uzmoles of phosphate buffer at pH 7.5 in 
a final volume of 3 ml. Both incubations were carried out at 
38° for 30 minutes. 


‘ G ] A ili 
mg/g (wet) umoles/beaker |Mmoles kynurenine/ 
Control 1.09 0.59 0.14 
Control +  benz- 1.83 1.29 
pyrene 1.28 1.64 
Control + trypto- 1.45 2.08 
phan 1.55 1.01 
Experimental 0.59 0.64 0.11 
0.75 0.63 0.17 
Experimental + 0.86 1.48 
benzpyrene 
Experimental + 0.61 1.93 
tryptophan 0.47 


hydroxyproline were determined. Both imino acids showed 
lower specific activities in the scorbutic granulomas than in the 
controls. On the other hand, examination of the urinary hy- 
droxyproline indicated that hydroxylation of proline was not 
affected by ascorbic acid deficiency. Inanition as a cause of the 
impaired collagen synthesis in the scorbutic animals was ruled 
out, since the animals in both groups were pair-fed and responded 
equally to induced enzyme formation. 
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The useful antitumor properties of 6-mercaptopurine have 
resulted in considerable work by various groups toward the 
elucidation of the mechanism(s) of action of this compound. 
Data obtained from growth and isotope incorporation studies 
with Lactobacillus caset (2-4) and Streptococcus faecalis (5-8) 
have led to the hypothesis that the active form is 6-mercapto- 
purine ribonucleotide (thioinosinate), which inhibits the further 
conversion of inosinic acid to other purine ribonucleotides (4, 8). 
The concept that the active form is the ribonucleotide is con- 
sistent with the findings by other workers with S. faecalis (9, 10), 
lymphomas (9-11), and mouse ascites tumor (12). 

The only distinct difference in the patterns of utilization of 
exogenously supplied purines found in studies of the parent and 
drug-resistant strains of S. faecalis was that observed with the 
6-mercaptopu:ine resistant mutant, SF/MP! (5-8). This mu- 
tant, unlike its parent (SF/O), appears to possess less potential 
for the conversion of adenine, guanine, hypoxanthine, and 6- 
mercaptopurine to ribonucleotides. The growth requirements 
of SF/MP are satisfied only by xanthine, which is also the only 
purine extensively incorporated into its nucleic acid purines 
(6, 7). Furthermore, the already small conversion of hypoxan- 
thine to nucleic acid adenine and guanine is inhibited by 6- 
mercaptopurine to a greater extent in the mutant than in the 
parent (8). These results have suggested the hypothesis (4, 8) 
that the reaction sequences probably inhibited by 6-mercapto- 
purine ribonucleotide are the following: 

IMP TP —. succino-AMP > AMP (1) 


imp —PPN xmp > GMP (2) 


Cell-free preparations have been used in these studies to rule 
out the possibility that the differences observed in the two strains 
of S. faecalis are merely changes in cell permeability rather than 
definite changes in purine metabolism? and to demonstrate more 
directly the action of 6-mercaptopurine ribonucleotide on the 
enzymatic steps under consideration. 


EXPERIMENTAL 


Materials and Methods 
Materials—Xanthine-8-C™, hypoxanthine-8-C", and 6-mercap- 
topurine-8-C'* were obtained from Southern Research Institute; 


* Supported in part by funds from the American Cancer Society, 
T-107, National Cancer Institute, National Institutes of Health, 
United States Public Health Service (Grants CY-3190, CY-3192). 

t A preliminary report of this work has been presented (1). 

1 The abbreviations used are: SF/MP, 6-mercaptopurine resist- 
ant strain of S. faecalis; SF/O, parent strain of S. faecalis. 

* Suggested by Dr. Bernard D. Davis. 


adenine-8-C™ from Isotope Specialties Company, Inc.; and 
guanine-8-C" from Technical Associates. 

Other compounds were obtained from the following sources: 
ATP, GTP, and IMP, Sigma Chemical Company; DPN, Pabst 
Brewing Company; and ribose 5-phosphate (barium salt), 
Schwarz Laboratories, Inc. The 6-mercaptopurine ribonucleo- 
tide used was the synthetic product obtained by Dr. A. Hampton 
(13). 

Pigeon liver acetone powder was obtained from Sigma Chemi- 
cal Company. Xanthine oxidase and uricase were purchased 
from Worthington Biochemical Corporation and yeast adenylo- 
succinase was obtained from Dr. C. E. Carter. 


Preparation of Cell-free Extracts 


A. Ribonucleotide-synthesizing Enzymes—Cells from 18-hour 
cultures of S. faecalis ATCC 8043 (SF/O) and its 6-mercapto- 
purine resistant mutant (SF/MP)* were removed by Sharples 
centrifugation and washed twice with pH 7.2 potassium phos- 
phate buffer. The washed cells were resuspended in buffer 
(about 1.5 g wet weight of cells per 10 ml of buffer) and disrupted 
by sonic oscillation (30 minutes in a Raytheon 9 ke. 50-watt 
magnetostriction oscillator). The resulting suspension was 
centrifuged at 20,000 x g and the clear supernatant dialyzed 
against several changes of buffer. All operations were carried 
out at 3-4°. The dialyzed extract was dispensed in small ali- 
quots and stored at —20°. Such a preparation could be stored 
for several weeks without loss of purine ribonucleotide synthesiz- 
ing activity. 

B. Adenylosuccinic Synthase—Washed cells of the parent S. 
faecalis (SF/O) were suspended in pH 7.2 potassium phosphate 
buffer (5.5 ml of 0.005 m buffer per g wet weight of cells), dis- 
rupted by sonic oscillation, and centrifuged free of cellular debris 
(about 10,000 x g). These operations were carried out at 
3-4°. Adenylosuccinic synthase was isolated from this cell-free 
extract by the fractionation procedure described by Lieberman 
for Escherichia coli strain B (15). 

C. Inosinic Acid Dehydrogenase—Crude extracts containing 
inosinic acid dehydrogenase activity were prepared from com- 
mercial pigeon liver acetone powder by the method of Lagerk- 
vist (16). 

Enzymatic Assays 


A. Purine Ribonucleotide Synthesis—The conversion of C"- 
labeled purines to ribonucleotides was used as the measure of 


8’ Grown on a modification of Flynn’s medium, described in an 
earlier paper (6). 

4 This buffer was 0.13 m KCl, 0.015 m KH2PO,, and 0.01 m MgCl: 
adjusted to pH 7.2 with 1 m KOH (14). 


429 


430 Action of 6-Mercaptopurine 


TABLE I 


Effect of substrate to enzyme ratio and incubation time 
on ribonucleotide synthesis 


Each reaction mixture was made up to a final volume of 2.0 ml 
with pH 7.2 potassium phosphate buffer (cf. footnote 4) and in- 
cubated at 37°. After the specified incubation period, the reac- 
tion was stopped by cooling and adding 0.5 ml of 10% HCI1Qx,. 
The nucleotides were isolated (14) and the radioactivities deter- 
mined. All values reported are ratios of activity of parent 
(SF/O) to mutant (SF/MP). 

Each milliliter of enzyme contains the active protein obtained 
from 150 mg wet weight of bacteria. 

Condition 1. 20 wg of purine, 5 wmoles of ribose 5-phosphate, 
5 wmoles of ATP, 1.0 ml of enzyme, incubated for 2 hours. 

Condition 2. 50 wg of purine, 12.5 wmoles of ribose 5-phosphate, 
12.5 umoles of ATP, 0.5 ml of enzyme, incubated for 1 hour. 

Condition 3. 50 wg of purine, 12.5 wmoles of ribose 5-phosphate, 
12.5 umoles of ATP, 0.2 ml of enzyme, incubated for 0.5 hour. 


Ratio of activity in nucleotide of parent compared to 
_ mutant strain 
Condition* 
1 2 3 3t 
Guanine.......... ; 1.32 1.73 2.08 3.30 
Adenine........... 3.11 2.05 3.26 
6-Mercaptopurine. . 3.53 3.18 5.05 
Hypoxanthine..... 23.90 
Xanthine.......... 1.18 0.53 0.63 1.00 


* Under Condition 3, about 40 + 5% of each of the purines was 
converted by SF/O to ribonucleotide. 

tT Values are ratios of activity of SF/O to SF/MP divided by 
0.63, the unadjusted value for xanthine. 


purine ribonucleotide synthesizing activity. The resulting 
nucleotides were isolated as barium salts (14). Unlabeled 
purines were added during the precipitation step to minimize 
the adsorption of traces of C'-purines. The recrystallized 
nucleotides were shown by paper chromatography (n-butanol- 
NH) to be free from unconverted C4 purines. The radioactiv- 
ities were determined on infinitely thin films on lead planchets in 
a Geiger-Miller internal flow counter with helium-isobutane 
gas. 
B. Adenylosuccinic Synthase Activity—The enzymatic activity 
was assayed by a modification of Lieberman’s Assay II (15). 
This method is based on the difference in the ultraviolet absorp- 
tion between the substrate and the product. The volume of 
the reaction mixture and the concentrations of the components 
were varied in the manner given in Table II. The same method 
was used for the studies with 6-mercaptopurine and its ribo- 
nucleotide. 

C. Inosinic Acid Dehydrogenase Activity—The assay was car- 
ried out in the manner described by Lagerkvist (16). Dialyzed 
pigeon liver extracts were incubated with nicotinamide, DPN, 
and inosinic acid in the presence of phosphate buffer as described 
in Table III. Instead of separating the components of the 
deproteinized reaction mixture by column chromatography, the 
purine nucleotides were hydrolyzed to the free bases, which were 
subsequently separated by two dimensional paper chromatog- 
raphy (n-butanol-NH; followed by either isopropanol-HCl or 
isoamyl alcohol-NaH2PO,). The xanthine formed and the 
residual hypoxanthine were determined spectrophotometrically. 
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RESULTS 


Preliminary Experiments with Cell-free Extracts of Parent 
(SF/O) and Mutant (SF/MP)—The test system for comparing 
the purine ribonucleotide synthesizing activities of SF/O and 
SF/MP was set up on the basis of the results from a number of 
experiments (Table I) in which the ratio of substrate to enzyme 
and the time of incubation were simultaneously varied. The 
reaction mixture apparently contains a PP-ribose-P-generating 
system. After the specified period of incubation, the mixture 
was deproteinized and the ribonucleotides were isolated (14). 
The ratios given in Table I have been calculated from the radio- 
activities of the isolated ribonucleotides. 

Since only xanthine is used to any extent by SF/MP, the rela- 
tive conversion of xanthine to xanthylate was used as the index 
in determining the substrate to enzyme ratio where the concen- 
tration of the latter became limiting. Values of 1.45 to 1.50 
were obtained for xanthine in earlier trial runs in which 1 ml of 
cell-free extract was incubated for 2 hours with half the concen- 
tration of substrate given under condition 1 in Table I. Under 
condition 2, a large enough excess of substrate was present since 
a 2.5-fold increase in the substrate to enzyme ratio (condition 3) 
gave essentially the same value for xanthine. 

Relative Actinty of Parent (SF/O) versus Mutant (SF /MP)— 
The last column of Table I summarizes the ratios of the ribo- 
nucleotide formed from a number of purines by SF/O compared 
to SF/MP. The system described under condition 3 was used. 
The ratios calculated from the radioactivities have been adjusted 
so that the ratio for xanthine is 1.00. All of the five purines 
tested were converted to ribonucleotides by the two cell-free 
preparations. 

Under these experimental conditions, the conversion of xan- 
thine to a ribonucleotide by SF/MP was greater than that by 
SF/O. In the latter, 40% of each pw.ine added was converted 
to ribonucleotide whereas in the former the conversion of guanine 
and adenine was about 30%, of hypoxanthine about 4%, and of 
6-mercaptopurine about 20% that of xanthine. 

Conversion of Inosinic Acid to Adenylosuccinate—In order to 
demonstrate more directly the action of 6-mercaptopurine, the 
experiments reported in Table II were carried out with adenylo- 
succinic synthase isolated from S. faecalis. The formation of 
adenylosuccinate from IMP was followed by the AODogpn,, which 
was determined by comparison with a blank in which IMP was 
added after the perchloric acid. 

Adenylosuccinate was identified by its absorption spectrum 
(15, 17) and by incubation with adenylosuccinase (17). The 
percentage conversion has been calculated by comparing the 
AODes0m, Of the systems containing 6-mercaptopurine or its 
ribonucleotide to that of a control which contained only IMP. 

The two levels of 6-mercaptopurine studied had no effect on 
the conversion. Its ribonucleotide at a concentration of 0.20 
umole in the reaction mixture reduced the conversion to 56%. 
Three times this amount completely blocked the reaction. 

Conversion of Inosinate to Xanthylate—The experiments sum- 
marized in Table III were carried out with pigeon liver extract 
containing inosinic acid dehydrogenase activity (16). The 
amount of xanthine isolated after acid hydrolysis was deter- 
mined spectrophotometrically and checked by subsequent 
incubation with xanthine oxidase (18). A control containing 
only IMP was run for each of the enzyme levels studied. The 
reduction in the amount of xanthine isolated from systems with 


| 
6-n 
be 
me! 

af 
ma’ 
sta! 
exp 
‘I 

for 
the 
on t 
T 

SF 
the 
chat 
ac 
tos 
the 
xant 
stra 
more 
tein 
0.15 
of 
indic 
to gi 
adde 
incul 
stop] 
move 
comy 
after 
C 
* (2 
end o 
to ad 


February 1960 


§-mercaptopurine ribonucleotide was used as the measure of 
inhibition. 

In Experiments 1 and 2, the xanthine isolated was found to 
be contaminated with traces of uric acid. In subsequent experi- 
ments, 3 to 5, the supernatant was incubated with uricase (19) 
after heat denaturation. 

The lower inhibition (35 to 40%) in the first two experiments 
may be attributed to a large excess of enzyme. This is sub- 
stantiated by the complete inhibition obtained in the last three 
experiments where less enzyme was used. 


DISCUSSION 


The data presented support the hypothesis that the active 
form of 6-mercaptopurine is its ribonucleotide, which inhibits 
the further conversion of IMP to other purine ribonucleotides 
on the pathways to AMP and GMP (4, 8). 

The results obtained with cell-free extracts of SF/O and 
SF/MP confirm earlier metabolic studies (5-8) and show that 
the differences observed in the two strains represent definitive 
change(s) in the enzymatic composition of the cell rather than 
a change in cell permeability. 

Since all the purines tested were converted to ribonucleotides 
to some extent, the enzyme system is not completely absent in 
the mutant. However, the conversion of the purines other than 
xanthine was considerably lower in the mutant than in the parent 
strain. The difference in the conversion of hypoxanthine is even 
more pronounced than in the results from incorporation studies 


TABLE II 
Inhibition of conversion of inosinate to adenylosuccinate 


The reaction mixture contained 0.20 ml of enzyme (active pro- 
tein from 94 mg wet weight of bacteria), 0.12 ml of 0.1 Mm MgClo, 
0.15 ml of 0.01 m L-aspartate, 0.30 ml of 0.001 m GTP, 0.15 umole 
of IMP, and the amount of 6-mercaptopurine or its ribonucleotide 
indicated below. Sufficient 1 mM glycine buffer (pH 8.0) was added 
to give a final total volume of 1.71 ml. Controls contained no 
added 6-mercaptopurine or its ribonucleotide. After a 45-minute 
incubation at 37°, the mixture was chilled and the reaction 
stopped by adding 0.5 ml of 10% HClO,. The protein was re- 
moved by centrifugation and the AOD at 280 my determined by 
comparing with the appropriate blank in which IMP was added 
after the perchloric acid. Blanks for the mixtures with 6-mer- 
captopurine or its ribonucleotide contained 6-mercaptopurine. 


Additions Conversion* 
umole % 
A 0.15 IMP 
0.20 6-Mercaptopurine 100 
B 0.15 IMP 
0.20 6-Mercaptopurine 56 
ribonucleotide 
C 0.15 IMP | 
0.60 6-Mercaptopurine 100 
D 0.15 IMP 
0.60 6-Mercaptopurine 0 
ribonucleotide 


* (AODe0m, experimental/AOD20m, control) X 100. At the 
end of 45 minutes, 25% of the IMP in the control was converted 
to adenylosuccinate. 
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TaBLeE III 
Inhibition of conversion of inosinate to zanthylate 


In Experiment 1 the incubation mixture (final volume 8.0 ml) 
contained 0.35 umole of IMP, 7 umoles of DPN, 42 umoles of nico- 
tinamide, and 350 umoles of phosphate buffer (pH 7.4). In Ex- 
periments 2 to 5 the mixture (final volume 5.8 ml) contained 
0.20 pmole of IMP, 4 wmoles of DPN, 24 umoles of nicotinamide, 
and 100 wmoles of phosphate buffer (pH 7.4). The test systems 
contained 6-mercaptopurine ribonucleotide added in the concen- 
trations given below. Blanks were prepared with the enzyme 
preparations inactivated by heat before incubation. 

After a 60-minute incubation at 37°, the reaction mixtures were 
heated for 3 minutes in a boiling water bath and the precipitating 
protein centrifuged off. In Experiments 3 to 5 the supernatant 


was incubated with uricase (19) before acid hydrolysis. Xanthine 
was isolated after acid hydrolysis. 
Enzyme extract IMP Inhibition* 
pmole umole % 

1 6 Et 0.35 0.70 35 

2t 4k 0.20 0.08 40 

3t 2E 0.20 0.08 100 

4 E 0.20 0.08 100 

5 E 0.20 0.16 100 


* Values calculated from decrease in the amount of xanthine 
obtained. 

tT E designates the amount of active protein obtained from 30 
mg of pigeon liver acetone powder (16). Under the experimental 
conditions, 35% of the IMP was converted to xanthylate by E, 
70% by 2 E; with 4 E and 6 E conversion was essentially complete. 

t From two different incubations. 


(7). This quantitative reduction in the ability to convert certain 
purines to active nucleotides could explain the inability of the 
mutant to grow with exogenously supplied adenine, guanine, or 
hypoxanthine as the sole purine source. 

Resistance to 6-mercaptopurine may be correlated with a 
deficiency in the ability of the organism to convert this compound 
to its active ribonucleotide. 

The observation that a decrease in biochemical activities re- 
sults in a rather pronounced change in growth is reminiscent of 
the situation found in Aerobacter aerogenes (20). That organism 
incorporates one third as much 2,6-diaminopurine as guanine. 
A “purine-requiring” mutant of that bacterium can grow with 
guanine as a purine source but not with 2,6-diaminopurine. 
Thus, in both of these instances, a quantitative reduction in a 
biochemical process results in a qualitative change in growth 
response. 


SUMMARY 


The ribonucleotide of 6-mercaptopurine (thioinosinate) in- 
hibits the conversion of inosinate to adenylosuccinate and xan- 
thylate in cell-free extracts of Streptococcus faecalis and pigeon 
liver, respectively, in agreement with a previous postulate that 
this analogue exerts its inhibitory action in the ribonucleotide 
form. The resistance to 6-mercaptopurine of one S. faecalis 
mutant is correlated with a reduction in ability to convert it to 
the nucleotide form; this quantitative reduction in a biochemical 
process produces a qualitative change in growth response. 
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Studies on Fluorinated Pyrimidines 


IX. THE DEGRADATION OF 5-FLUOROURACIL-6-C*} 


K. L. MUKHERJEE AND CHARLES HEIDELBERGER 


From the McArdle Memorial Laboratory, The Medical School, University of Wisconsin, Madison, Wisconsin 
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As part of a continuing program of study of the biochemical 
(1) and tumor inhibitory properties (2) of the series of 5-fluoro- 
pyrimidines (3), the metabolic degradation of these compounds 
has been investigated (4). In the latter studies, the compounds 
were labeled in the 2-carbon, and it was possible to demonstrate 
their conversion into dihydrofluorouracil, a-fluoro-8-ureidopro- 
pionic acid, carbon dioxide, and urea, a pathway analogous to 
that previously shown for uracil by other workers (5-16). How- 
ever, the position of the label in the 2-carbon did not enable a 
determination of the fate of the rest of the molecule to be made. 
Accordingly, 5-fluorouracil-6-C“ was synthesized, and a study 
of its metabolism in the mouse, cat, and human cancer patient 
is reported here. 


EXPERIMENTAL 


Synthesis of 5-Fluorouracil-6-C''“—The preparation of this la- 
beled compound was carried out according to the methods de- 
scribed in the literature (3, 17). To 1.95 g (29.4 mmoles) of 
anhydrous sodium formate were added 38 mg (5 mc) of sodium 
formate-C' (obtained from New England Nuclear Corporation 
on allocation from the United States Atomic Energy Commission) 
and 4.6 ml (85 mmoles) of redistilled diethyl sulfate. The mix- 
ture was distilled, and 2.03 g (92%) of ethyl formate-C™ (b.p., 
54°) was obtained. To a three-necked flask with a magnetic 
stirrer were added, with stirring, 22 ml of dry ether, 1.06 g of 
potassium cut in small pieces, and 5.5 ml of absolute ethanol, 
and the mixture was refluxed until the potassium dissolved. It 
was then cooled with ice, and 2.03 g of labeled ethyl] formate and 
2.9 g of freshly distilled ethyl fluoroacetate were added dropwise 
with stirring. The reaction mixture was allowed to come to 
room temperature and was stirred overnight. The potassium 
enolate of ethyl formylfluoroacetate was filtered on sintered glass 
and washed with dry ether to give 2.55 g (60%). This was 
placed in a flask, and 40 ml of absolute ethanol, 0.81 g of sodium 
methoxide, and 2.75 g of ethylisothiouronium bromide were 
added. The mixture was refluxed for 3 hours, evaporated to 
dryness in a vacuum, dissolved in 25 ml of water, and decolor- 
ized with a little charcoal. It was then cooled in ice, and grad- 
ually acidified with concentrated HCl. The precipitate was 
filtered, washed with ice water, and dried. The resulting 5-flu- 
oro-2-ethylmercaptouracil-6-C" weighed 1.50 g (58%, mop., 


* This work was supported in part by a grant-in-aid of the Wis- 
consin Division of the American Cancer Society; a grant, C-2832, 
from the National Cancer Institute, National Institutes of Health, 
United States Public Health Service; and by a grant-in-aid from 
Hoffmann-LaRoche, Inc. 

t For Paper VIII in this series see (1). 


140-144°). This compound was refluxed with 15 ml of concen- 
trated HCl under nitrogen for 5 hours, and was evaporated to 
dryness in a vacuum. 

The crude 5-fluorouracil-6-C™ (1.12 g) was dissolved in dilute 
NaOH with a final pH of 11, and put on a Dowex 1-formate col- 
umn (40 X 7.5 cm), washed with water, and eluted with 0.05 m 
formic acid. The fractions containing the radioactivity were 
concentrated to a small volume under reduced pressure and 
lyophilized. A small amount was chromatographed on paper 
with n-butanol-formic acid-water (77:10:13). A single radio- 
active spot with the proper FR, of 0.50 was obtained, but two non- 
radioactive ultraviolet-absorbing spots were also found. The 
mixture was dissolved in the buffer system of Cohn (18) (2.67 g 
of NH,Cl and 50 ml of concentrated NH,OH made up to 2 liters) 
and chromatographed on Dowex 1-chloride. Fractions of 10 ml 
were collected, and the fractions containing the radioactive peak 
were passed through a column of Dowex 50 (H form, 40 X 7.5 
em) which retained ammonium ions; the column was washed 
with water. The water effluent containing the compound was 
concentrated to dryness under reduced pressure, dissolved at pH 
11, and put on a Dowex 1-formate column which was washed 
with water followed by 0.05 m formic acid. The formic acid 
effluent was lyophilized and the product gave a single radioactive 
peak on paper chromatography corresponding to 5-fluorouracil. 
No other ultraviolet-absorbing peaks were found and the product 
had the spectral and melting point characteristics of pure 5-flu- 
orouracil. The yield was 150 mg with a specific activity of 1.45 
uc per mg. 

Animals—Female Swiss mice were obtained from Taconic 
Farms, Germantown, New York. Some bore 8-day transplants 
of the Ehrlich ascites carcinoma (EF). Respiratory carbon 
dioxide and urine were collected in metabolism cages. In human 
cancer patients the carbon dioxide was collected in Douglas bags; 
the urine was collected as voided and stored in the cold room 
under toluene. The mice were given injections of 5-fluorouracil- 
6-C' intraperitoneally, and the patients, intravenously. <A cat 
was kindly made available by Professor Clinton Woolsey. 

Chromatographic Procedures—lon exchange chromatography 
was carried out on Dowex 1-formate columns of the appropriate 
size as described previously (4). The samples were put on the 
columns at pH 11 and eluted in the following sequence: water, 
0.05 m formic acid, 1.5 m formic acid, and 0.5 m HCl. Under 
these conditions neutral salts, nucleosides, and a-fluoro-§-alanine 
came off in the water wash; 5-fluorouracil was eluted with 0.05 
M formic acid and a-fluoro-8-ureidopropionic acid with 1.5 M 
formic acid; ribonucleoside mono-, di-, and triphosphates were 
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TABLE I 


Degradation of §-fluorouracil-6-C'4 in mouse tissues in vivo 14 hours 
after injection of 25 mg per kg (1,800,000 c.p.m.) 


Radioactivity in compounds* 
Tissue Total c.p.m. 

Nucl - 

FU | FUPA | FGPA | FBAL |Nucieo-| Re: 

% % % % % % 

Liver 86, 400 2.9 | 1.6 | 3.0 | 92 0.35 | 99.8 
Kidney 20,700 | 2.5 | 9.7 | 2.5 | 82.5 | 0.26 | 97.5 
Intestines 6,000 | 0 0 0 90 2.3 | 92.3 


* FU = 5 fluorouracil, FUPA = a-fluoro-8-ureidopropionic acid, 
FGPA = a-fluoro-8-guanidopropionic acid, FBAL = a-fluoro-s- 
alanine. 


removed with 0.5 m HCl. In urine specimens the a-fluoro-6- 
alanine was eluted with 0.05 m formic acid. 

For paper chromatography on 1-inch strips of Whatman No. 
1 filter paper, the n-butanol-formic acid-water solvent system 
(77:10:13) was used. The strips were counted in a strip scanner 
with automatic recording of the radioactivities in the peaks (19). 
The compounds had the following R,’s in this system: urea = 
0.28, 5-fluorouracil = 0.50, a-fluoro-8-alanine = 0.13, a-fluoro- 
B-ureidopropionic acid = 0.48, a-fluoro-@-guanidopropionic 
acid = 0.72, and the phosphates remained at the origin. The 
identity of the compounds in the ion exchange eluates was always 
confirmed by paper chromatography. 

Isolation of a-Fluoro-B-alanine—A large scale isolation of this 
compound was carried out on pooled human and animal urine. 
The mixed urine was brought to pH 11 and put on a Dowex 
1-formate column (40 X 7.5 cm), which was washed with water 
and then with 0.05 m formic acid. The formic acid eluate was 
concentrated to dryness under reduced pressure. The residue 
was dissolved in water and put on a Dowex 50-H column (24 x 3 
cm) and washed with water until no more radioactivity was re- 
moved. The column was then put on the automatic fraction 
collector, and fractions of 10 ml were collected from a gradient 
elution with 1 liter of water in the mixing flask, and 0.5 m HCl in 
the reservoir. An aliquot of each tube was plated for radioactiv- 
ity determination. The radioactivity was found in Tubes 24 to 
32. #-Alanine under the same conditions was obtained in Tubes 
68 to 75 as determined colorimetrically with ninhydrin. The 
identity was checked by paper chromatography in the above 
system. The samples containing the radioactivity were pooled, 
evaporated to dryness in a vacuum, and desalted on Dowex 50 
with the use of ethanol by the procedure of Mueller et al. (20). 
The yellowish product was put on a Dowex 1-formate column 
at pH 7, and eluted with water. The water wash was lyophilized 
and 135 mg of colorless a-fluoro-8-alanine were obtained. An 
analytical sample was prepared by three crystallizations from 
aqueous ethanol. The sample melted at 261°, and had a specific 
activity of 48,000 c.p.m. per mg. 

Analyses of a-fluoro-8-alanine:! 


Calculated: C 33.69%, H 5.65%, F 17.72% 
Found: C 33.98, H5.74, F 17.68 


1 The analysis was kindly carried out by Dr. A. Steyermark of 
Hoffmann-LaRoche, Inc. 
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IX 


The dinitropheny] derivative was prepared and crystallized from | 


aqueous methanol, m.p. 92—93°. 
Incubations in Vitro—Mouse liver slices were cut freehand, 


and incubated in Robinson’s medium (21) in Warburg flasks — 
containing 0.1 ml of 10% KOH in the center well, and 0.2 ml | 
of 60% perchloric acid in the side arms. Approximately 100 — 


mg wet weight of slices were incubated in 3.2 ml of medium in 
oxygen at 37° for 90 minutes with substrates as indicated in the 
text. The perchloric acid was tipped in, and the flasks were 
shaken for an additional 30 minutes in order to absorb all the 
liberated carbon dioxide. The center wells were emptied and 
after the addition of carrier sodium carbonate, barium carbonate 
was precipitated and counted. The neutralized perchloric acid 
extracts were worked up as described. 

Ehrlich ascites carcinoma cells from tumors susceptible and 
resistant to the fluorinated pyrimidines (22) were incubated in 
vitro in the medium described previously (23). 

Attempted Isolation of Fluoroacetate—Urine from mice and cats 
given 5-fluorouracil-6-C“ was mixed with carrier sodium fluoro- 
acetate, acidified with H2SO,, and steam distilled. The distillate 
was titrated with NaOH, and the alkaline solutions were plated 
and counted. The p-bromophenacy] ester was prepared (m.p., 
92-93°) and plated after two crystallizations from aqueous eth- 
anol. 

Mouse liver slices (125 mg) were incubated in 3 ml of Robin- 
son’s medium containing 1 mg of a-fluoro-B-alanine-2-C™ (iso- 
lated from the urine of a human patient given 5-fluorouracil-6- 
C4), specific activity 48,000 c.p.m. The neutralized perchloric 
acid extract was passed through Dowex 50 columns and the 
neutral fraction was made alkaline and plated. 


RESULTS 


The metabolic degradation products of 5-fluorouracil-6-C" 
found in liver, kidney, and intestines of normal mice 1} hours 
after drug administration are shown in Table I. Little un- 
changed 5-fluorouracil was present, and although a-fluoro-6- 
ureidopropionic acid and a-fluoro-8-guanidopropionic acids were 
found as in the previous study (4), the major metabolite was the 
compound characterized at first by its chromatographic charac- 
teristics and later by direct isolation and analysis as a-fluoro-- 
alanine. The lower amount of a-fluoro-8-ureidopropionic acid 
found here as compared with the previous study (4) is probably 


TABLE II 


Urinary excretion of compounds 24 hours after injection of 
§-fluorouracil-6-C"4 (25 mg per kg, 1,800,000 c.p.m.) into mice 


Fractions* Total c.p.m. Radioactivity 
% 
Respiratory CO: 76,600 4.2 
Urine total 931,000 52 
Urine aliquot 213,000 100 
FU 13, 400 6.3 
FUPA 111,000 52 
FGPA 2,900 1.4 
FBAL 97,000 45 
Nucleotides 100 0.05 
Recovery 104.7 


*FU = 5-fluorouracil, FUPA = a-fluoro-8-ureidopropionic 
acid, FGPA = a-fluoro-8-guanidopropionic acid, FBAL = a- 
fluoro-8-alanine. 
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the result of a longer time interval between the injection of the 
drug and the sacrifice of the mice. 

The results on excretion of radioactivity from 5-fluorouracil- 
6-C“ are presented in Table II. In marked contrast to the 
findings with 5-fluorouracil-2-C'“ where 40% of the radioactivity 
was expired in the carbon dioxide (4), only 4.2% of the label 
appeared in the respiratory CO: in a 24-hour period after admin- 
istration of 5-fluorouracil-6-C“. Fractionation of the urinary 
radioactivity demonstrated that the major metabolites excreted 
were a-fluoro-G-ureidopropionic acid and a-fluoro-8- alanine 
which together accounted for 97% of the total. 

It was then found desirable to reinvestigate the metabolic 
degradation of 5-fluorouracil in human cancer patients, with the 
use of the 6-labeled compound. The results of a typical series 
of determinations are given in Table III. Whereas, just as in 
the mouse, there was a large accumulation of the labeled 2-car- 
bon in the respiratory carbon dioxide of humans (4), less than 
1% of the label from the 6-carbon was found in the expired COz. 
It will be evident from Table III that the greatest amount of 
urinary excretion occurred in the period of from 2.6 to 3.7 hours 


TABLE III 
Urinary excretion of radioactivity in human cancer patient 
receiving 15 mg per kg of 5-fluorouracil-6-C intravenously 
Mrs. S.: Carcinoma of the colon; weight 66 kg; received 990 
mg of 5-fluorouracil containing 48,000,000 c.p.m. 


FU* FUPA* FBAL* 

hr. 

0-2.6 11.6 33 11 37 
2.6-3.7 41.8 4.9 8.4 76 
3.7-5.2 15.2 1.3 6.3 81 
5.2-6.2 6.1 0 3.9 69 
6.2-8.9 5.1 0 8.5 87 
8.9-12 3.7 0 8.8 94 

12-24 4.8 0 5.1 81 
24-48 1.7 0 12 90 


Total urinary excretion 91% 
Total CO2 excretion = 375,000 c.p.m. (0.78%) 


*FU = 5-fluorouracil, FUPA = a-fluoro-8-ureidopropionic 
acid, FBAL = a-fluoro-f- alanine. 


TABLE IV 
Degradation in vivo of 5-fluorouracil-6-C™ in mice also given thymine 
and 6-azathymine 
Urinary excretion of metabolites as percentage of total urinary 
radioactivity 24 hours after injection. Group A: 5-Fluorouracil- 
6-C'4, 25 mg/kg, 1,125,000 c.p.m. Group B: 5-Fluorouracil-6-C' 
as above plus 250 mg/kg of thymine given 10 minutes before the 
5-fluorouracil. Group C: 5-Fluorouracil-6-C' as above plus 250 
mg/kg of 6-azathymine given 10 minutes before the 5-fluorouracil. 


Metabolite* Group A Group B Group C 
FU 10 63 25 
FUPA 57 25 33 
FBAL 32 6 44 


*FU = 5-fluorouracil, FUPA = a-fluoro-8-ureidopropionic 
acid, FBAL = a-fluoro-s-alanine. 
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TABLE V 
Metabolism in vitro of 5-fluorouracil-6-C™ in susceptible and 
resistant Ehrlich ascites cells 
0.5 ml packed cell volume in 5 ml of medium containing 1 umole 
5-fluorouracil-6-C!* per flask, incubated for 2 hours at 37°. 


Susceptible Resistant 
% in acid-soluble................. 21.5 7. 
of total as FU"... ............-.. 17.3 46 
% of total as FUPA*............. 0 0 
% of total as FBAL*............. 0 0 
% of total as Nucleotides......... 70.8 45 


*FU = 5-fluorouracil, FUPA = a-fluoro-8-ureidopropionic 
acid, FBAL = a-fluoro-8-alanine. 


after intravenous injection of 5-fluorouracil-6-C“. The urine 
was fractionated for the major metabolites, and it will be seen 
that in the human, a-fluoro-8-alanine was the major excretory 
product. The excretion of significant amounts of unchanged 
5-fluorouracil was found only at short time intervals after drug 
injection. In this patient 90% of the intravenous dose was ex- 
creted in the urine mostly during the first 24 hours. 

It has previously been found that thymine administration to 
mice increases, rather than reverses, the toxicity of 5-fluorouracil,? 
and Burchenal and Oettgen (24) have found that 6-azathymine 
administration also increases to some extent the toxicity of 
5-fluorouracil. It seemed possible that this increased toxicity 
might result from a competition between the thymine and aza- 
thymine and fluorouracil for the pyrimidine degrading enzymes, 
primarily located in the liver. That this is certainly the case for 
thymine and perhaps for azathymine is shown in Table IV. 
When thymine and azathymine were administered to mice 10 
minutes before 5-fluorouracil-6-C™, there was more unchanged 
drug and less catabolism than in the controls. Since there was 
less catabolism of the drug, it produced more toxicity. 

It has previously been demonstrated that 5-fluorouracil is not 
appreciably degraded by Ehrlich ascites carcinoma cells (4). In 
connection with studies currently being carried out to determine 
the mechanism (25) of the resistance produced in a line of this 
tumor (22) we have studied the degradation of 5-fluorouracil-6- 
C" in both the susceptible and the resistant tumors. As can be 
seen from Table V neither tumor line was capable of degrading 
5-fluorouracil to the open chain products. Thus an increased 
drug degradation can be excluded from a role in the mechanism 
of drug resistance. However, it will be noted from the table 
that in the resistant cells, less radioactivity entered the acid- 
soluble fraction and less was converted into nucleotides. Thus 
the susceptible cells converted 12.1% of the 5-fluorouracil incu- 
bated into nucleotides, whereas the resistant cells converted only 
3.1%. 

The observation of Pihl and Fritzson (7) that 6-alanine is 
converted into acetate in intact rats and the finding by Philips 
et al. (27) that 5-fluorouracil produced convulsions in cats led 
the latter authors to suggest that i -fluorouracil might be de- 
graded to fluoroacetate. Accordingly, we have attempted to 
demonstrate the presence of fluoroacetate in the urine and tissues 
of mice and in cat urine. Although, as shown in Table VI, there 


2R. J. Schnitzer, Hoffmann-LaRoche report; and C. Heidel- 
berger, unpublished results. 
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TaBLeE VI 
Attempts to demonstrate conversion of 5-fluorouracil-6-C™ 
to fluoroacetate 
Total 
Total activity 
Sample Dose | Time 
ester 
mg/kg hr 
Mouse urine....| 25 12. 0.0 
Mouse liver..... 25 « 13 28, 000 0 
Mouse kidney...| 25 13 6,400 0 
Cat urine....... 5 | 24 398,000; 920(0.23%)| 0.0 
Human urine....| 15 24 30,000 0 
TABLE VII 
Attempts to demonstrate conversion of a-fluoro-B-alanine-2-C'4 
to fluoroacetate 
Total Total 
Sample Dose Time | cp.m/ volute 
c.p.m. 
hr. 
Mouse 
urine...| 20 mg/kg 24 |190,000)| 177,000 0 0 
(93%) 
Cat urine.| 5 mg/kg 24 (508,000 12,000 
(2.4%) 
Liver 
slice....| 1 mg/flask 13 |210,000; 194,000 | 4,000 
(93%) | (3.1%) 
Liver 
slice....| 1 mg/flask 14 |360,000, 2,000 
(0.5%) 
Liver 
slice....| 1 mg/flask 13 |270,000 1,000 
(0.4%) 
* FBAL = a-fluoro-f-alanine. 
OH OH ¢ 
———} H 
H HO Ho 
5-FLUOROURACIL DIHYDROFLUOROURACIL 


H 
Hone Hone NHCHp CHCOOH 


C{-FLUORO -B-UREIDOPROPIONIC | FLUORO-B-GUANIDOPROPIONIC 
ACID ACID 


NH + GOp + HeNGONHp + GHGOOH 


C-FLUORO-B-ALANINE 
Fig. 1. The metabolic degradation of 5-fluorouracil 
was a very small amount of steam-volatile acidic radioactivity 


in the mouse and cat urines, none was detectable in human urine 
and acid-soluble extracts of mouse liver and kidneys. However, 


when the solid p-bromophenacyl] ester was prepared after the 
addition of carrier sodium fluoroacetate and recrystallized twice, 
no radioactivity was obtained. Therefore no fluoroacetate was 
excreted in the urine of mice and cats given 5-fluorouracil-6-C"™. 
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The work of Fritzson and Nakken (28) on the metabolism of 
B-alanine in liver slices inferred the conversion to acetate, and 
hence we investigated the further metabolism of a-fluoro-6-ala- 
nine-2-C™ by incubation with mouse liver slices and in intact 
mice and cats. The data given in Table VII show that there was 
no metabolism of a-fluoro-B-alanine in mice, as determined by 
urinary excretion. However, in cat urine 2.4% of the radio- 
activity was excreted as acidic substances, which, however, did 
not include fluoroacetate as determined by silicic acid partition 
chromatography (29). Similarly, when mouse liver slices were 
incubated, small amounts of acidic compounds were produced, 
which also did not contain fluoroacetate, and 0.08% of the radio- 
activity incubated was converted to COs. Attempted charac- 
terization of the acidic compounds by partition chromatography 
was unsuccessful. 

DISCUSSION 


The results obtained in the present study with 5-fluorouracil- 
6-C™ taken together with our earlier work with 5-fluorouracil-2- 
C' (4) show that the compound is degraded metabolically by 
mice, cats, and humans to dihydrofluorouracil, a-fluoro-8-ureido- 
propionic acid, which is further cleaved to COz, ammonia, urea, 
and a-fluoro-8-alanine as shown in Fig. 1. This degradation is 
exactly analogous to that of uracil (5-16). In addition, evidence 
has been presented (4) for the production of small amounts of 
a-fluoro-8-guanidopropionic acid. The analogous derivative 
has not been reported as a uracil catabolite. Although all normal 
tissues of mice studied, including intestinal mucosa, carry out this 
degradation, Sarcoma-180 and the Ehrlich ascites carcinoma were 
unable to do so (4). Since a fluorouracil-resistant line of the 
Ehrlich ascites carcinoma also failed to degrade the drug, in- 
creased drug catabolism can be ruled out as a mechanism for the 
resistance. 

The finding that administration of large amounts of thymine 
and azathymine decreases the catabolisin of 5-fluorouracil suggests 
that the former compounds flood the catabolizing enzymes and 
thus cause the increased toxicity that has been observed as a 
result of greater concentrations in the body of unchanged drug. 


Considerable effort has been expended in an unsuccessful at- | 
tempt to demonstrate the catabolism of 5-fluorouracil and a- © 


fluoro-8-alanine to fluoroacetate because of the production of 
convulsions in cats with fluorouracil by Philips et al. (27) and with 
a-fluoro-B-alanine.? These authors’ conclusion that the con- 
vulsions were caused by metabolically produced fluoroacetate is 
strengthened by their demonstration of an elevated citrate level 
in the kidneys of rats given fluorouracil (27). Although it is ap- 
parent from Chenoweth’s review (30) that administered fluoro- 
acetate is excreted in the urine, it is possible that our failure to 
demonstrate fluoroacetate in urine samples might indicate that 
small amounts of fluoroacetate produced metabolically are efh- 
ciently converted into tissue fluorocitrate (31) and not excreted. 


SUMMARY 


Studies of the catabolism of 5-fluorouracil-6-C™ in mice, cats, 
and humans have demonstrated the following pathway: 5-fluoro- 
uracil, dihydrofluorouracil, a-fluoro-8-ureidopropionic acid, 
a-fluoro-8-guanidopropionic acid, a-fluoro-B-alanine. This met- 
abolic degradation is not carried out by fluorouracil-susceptible 
and resistant Ehrlich ascites carcinoma cells. Administration to 
mice of large amounts of thymine and azathymine decreases the 
catabolism of 5-fluorouracil. Efforts to demonstrate the conver- 


3F.S. Philips, private communication. 
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sion of 5-fluorouracil and a-fluoro-8-alanine into fluoroacetate 
were unsuccessful, and small amounts of acidic radioactivity were 
not characterized. 


1. 
2. 
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The nucleotide 3’-phosphoadenosine 5’-phosphosulfate appears 
to be involved in the biosynthesis of several types of sulfated 
mucopolysaccharide. Chondroitin sulfate of embryonic cartilage 
(1, 2) and sulfated mucopolysaccharides of hen oviduct (3, 4) 
and of the marine snail Busycon (5) have been shown to become 
labeled upon incubation of the respective tissue extracts with 
PAPS**.! The intermediate probably participates in the synthe- 
sis of mammalian intestinal mucins also, since these were dem- 
onstrated to incorporate radioactive sulfate (6) in the presence of 
mucosal tissue shown to contain the enzymes necessary for sul- 
fate activation (7). It was therefore of interest to determine 
whether the mast cell tumor P-815 (8), which contains (9) and 
synthesizes (10, 11) heparin, likewise catalyzes the formation of 
PAPS. These studies received extra stimulus from the demon- 
stration that heparin becomes labeled when extracts of the tumor 
tissue are incubated with PAPS** (12). The finding that P-815 
tumor extracts do catalyze PAPS synthesis, previously reported 
in brief (13) and subsequently confirmed (14), forms one part of 
this communication. 

All studies so far reported on the function of PAPS as an in- 
termediate in sulfate metabolism have been carried out with 
tissue extracts incubated in vitro. In order to establish unequiv- 
ocally that conjugation of sulfate with various classes of substrate 
(15) is mediated through PAPS in vivo, a demonstration of the 
presence of this or a related metabolite in the tissues of a living 
animal appeared desirable. In this respect the finding by 
Gregory and Lipmann (16) that 3’-phosphoadenosine 5’-phos- 
phate, a product of the transfer reaction between PAPS and 
“acceptor” molecules, occurs in several tissues of the rabbit is 
pertinent. However, these authors were careful to point out 
that the PAP which they observed could have arisen by autolytic 
hydrolysis of coenzyme A. By isolating tissues of an animal 
shortly after administration of S**-sulfate, a direct demonstration 
of endogenous PAPS should be possible. The results described 
in the previous paragraph led to the choice of P-815 tumor as a 
suitable tissue for such an investigation. At the same time the 
liver and colon of the tumor-bearing mice were examined. Phos- 
phoadenosine phosphosulfate was found in all three tissues and 


* This work was carried out while the author was a postdoctor- 
ate fellow supported by Research Training Grant CRTY-5012 of 
the National Cancer Institute, United States Public Health Serv- 
ice; also, a grant (C-2817) from the same source contributed to 
the support of the investigation. 

+t Present address, Department of Biochemistry, University of 
Oxford, England. 

1 The abbreviations used are: PAPS, 3’-phosphoadenosine 5’- 
phosphosulfate; PAP, 3’-phosphoadenosine 5’-phosphate; NPS, 
p-nitropheny] sulfate. 


thus provides evidence that sulfate activation by way of PAPS 
is indeed a significant metabolic pathway in living animals. 


EXPERIMENTAL 


Materials 


Radioactive carrier-free sulfuric acid was obtained from the 
Oak Ridge National Laboratory and was neutralized with NaOH 
before use; its specific activity was approximately 230 mc per 
umole. The K salt of p-nitrophenyl] sulfate was a product from 
the Sigma Chemical Corporation. The ADP used as a standard 
in the NPS transfer assays (16) was Lot No. 603 of Pabst Lab- 
oratories and was shown to contain 0.1% PAP by comparison of 
its coenzyme activity (16) with a sample of PAP generously 
given by Dr. J. D. Gregory. PAPS was prepared and purified 
by the method of Robbins and Lipmann (17). Radioactive 
PAPS (3 uc per umole) was prepared by the same procedure, but 
was purified in the following manner. The deproteinized reac- 
tion mixture was subjected to continuous flow paper electrophore- 
sis in 0.1 mM ammonium acetate buffer (pH 5.6) at 2°, with the use 
of a Spinco model CP paper electrophoresis cell kindly lent by 
Dr. W. Vishniac. A Spinco Constat power unit was used to 
supply 85 milliamperes (310 to 380 volts) for 24 to 144 hours 
with a sample feed rate of 2 to 3 ml per hour. Samples (0.1 ml) 
of the effluent fractions were dried at 100° for 45 minutes and 
the radioactivity determined in a Nuclear-Chicago gas flow auto- 
matic sample-changing counter. The radioactive fraction with 
an electrophoretic mobility less than that of inorganic sulfate was 
lyophilized in the presence of NaOH pellets and anhydrous citric 
acid. Such purification does not free PAPS of all other adenine 
nucleotides but is useful for the preparation of PAPS** with less 
than 5% of S**-sulfate present after lyophilization. 

Solid tumors were initiated in AKR x DBA/2 hybrid mice 
by subcutaneous injection of the X2 line? of cloned P-815 cells 
(18) and allowed to grow for 10 to 13 days. Ascites tumors, pre- 
pared by injection of such cells intraperitoneally, were harvested 
after 7 days. 


Methods 


Mice were killed by decapitation and the tissues isolated were 
immediately placed on ice. The entire colon, freed of fecal 
matter, was used in some experiments. Enzymatically active 
preparations of either P-815 tumor or liver were prepared by 
disrupting tissue in 4 volumes of ice-cold K phosphate buffer 
(0.167 m, pH 7.0), with the use of a Teflon homogenizer. P-815 


2 This subline, shown to contain high amounts of histamine, 
serotonin, and heparin (22), was isolated by Dr. Margaret Day. 
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ascites cells were disintegrated in 4 volumes of the K phosphate 
buffer in a 10 kc Raytheon sonic oscillator, kindly lent by Dr. 
S. V. Rieder, for 3 minutes at 0°. All preparations were centri- 
fuged at 105,000 x g for 60 minutes in a Spinco refrigerated 
centrifuge to obtain the supernatant fraction. Formation of 
PAPS* from S**-sulfate after incubation was determined by as- 
saying aliquots (0.05 ml) of the reaction mixture (which had been 
freed of protein by heating at 100° for 30 seconds) by paper strip 
electrophoresis (19). The paper strips (Whatman No. 1) were 
exposed to 10 volts per cm for 3.5 hours in 0.1 M ammonium 
acetate buffer (pH 5.6) at 2°. Radioactive areas on the dried 
paper strip were detected and measured on the paper (6) with a 
Geiger-Mueller thin end window probe. The identity of radio- 
active areas was established by running reference samples of S**- 
sulfate and PAPS* simultaneously. The pentose (20) and phos- 
phate (21) content of larger amounts of PAPS**, prepared as 
described under ‘‘Results,” were determined by the usual proce- 
dures. Formation of NPS* from p-nitrophenol was measured 
by assaying samples (0.05 ml) of the deproteinized reaction mix- 
ture by paper chromatography in butanol-acetic acid-water 
(50:10:25) with added NPS as marker. Radioactivity in the 
NPS area was determined directly on the paper (6) with a Geiger- 
Mueller thin end window probe. The transfer of sulfate from 
NPS to phenol was determined with the supernatant fraction of 
homogenized rat liver, prepared at 105,000 x g for 60 minutes, 
after removal of much of the endogenous PAP by two successive 
passages through Dowex 1-X4 (200 to 400 mesh, formate form) 
at 2°. The spectrophotometric assay procedure employed was 
essentially that of Gregory and Lipmann (16), except that all 
measurements were made against a control cuvette lacking only 
phenol. 

Hot water extracts of liver, colon, and solid P-815 tumor were 
prepared from 0.5 to 3.0 g of wet tissue by homogenization in 30 
ml of distilled water at 80° in a Waring Blendor for 30 seconds, 
followed by heating at 100° for 1 minute. Insoluble material 
was removed by centrifugation and the supernatant fraction was 
used for paper strip electrophoresis and for continuous flow paper 
electrophoresis as described above. Tissue extracts after such 
purification were brought to pH 8 to 9 and adsorbed on to l- X 
20-em columns of Dowex 1-X4 (200 to 400 mesh, formate form) 
at 2°. Gradient elution was begun with 500 ml of water in the 
mixing chamber and 500 ml of a solution containing 0.3 M am- 
monium formate and 5.0 N formic acid in the reservoir. After 
500 ml of eluent had passed through the column, the reservoir 
was refilled with 500 ml of a solution containing 1.0 M ammonium 
formate and 5.0 n formic acid and elution continued for another 
500 ml. The reservoir was refilled with 500 ml of a solution con- 
taining 4.0 Mm ammonium formate and 5.0 N formic acid and elu- 
tion continued for a further 500 ml. The radioactivity of samples 
(0.5 ml) of the eluted fractions was determined by analysis in a 
gas flow counter as described above. The recorded radioactivity 
of S**-labeled material was approximately 10 times as high under 
such conditions as by measurement on paper. 


RESULTS 


Enzymatic Formation of 3'-Phosphoadenosine 5'-Phosphosul- 
fate—A comparison was made between liver and P-815 tumor 
with respect to the enzymes necessary for sulfate activation. 
Table I shows that a compound with the electrophoretic mobility 
of PAPS is formed to the same extent by the supernatant fraction 
of homogenized P-815 tumor as by a similar preparation of liver. 


C. A. Pasternak 
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TABLE 1 
Enzymatic activities of P-815 tumor and mouse liver 


The high speed supernatant fraction (12 to 17 mg of protein per 
ml) of disrupted tumor or liver tissue was prepared as described 
under ‘‘Methods.’’ For PAPS*> formation, 0.8 ml of this fraction 
was incubated with K.S*5O, (0.5 mm, 1 106 c.p.m. per ml), ATP 
(10 mm), MgCl. (12.5 mm), cysteine (10 mm), and K phosphate 
buffer (100 mm, pH 8.2) for 90 minutes at 37° in a final volume of 
1 ml. For NPS** formation the same incubation mixture was 
used, except that p-nitrophenol (0.5 mm) was added and that the 
pH was 7.0. Transfer of sulfate between NPS and phenol was 
determined (16) with 0.1 ml of the high-speed supernatant frac- 
tion in the presence of ADP (50 um). 


Sulfate 
activation Phenol sulfokinase 
Tissue 
PAPS4 NPS jn phenyl 


synthesized* | synthesizedt | sulfate transfer 


Initial reaction rate 


| c.p.m./ml c.p.m./ml AAtoo/min. X 108 
P-815 tumor (solid)....... 31,500 <2,000 <0.4 
P-815 tumor, (ascites)...... 28 ,000 <2,000 
20 , 500 103 , 500 13.4 


* Determined by paper strip electrophoresis in 0.1 M ammonium 
acetate buffer (pH 5.6) as described under ‘‘Methods.’’ ! 

+ Determined by paper chromatography in butanol-acetic acid- 
water (50:10:25) as described under ‘‘Methods.”’ 


Omission of ATP or use of boiled supernatant fraction abolished 
its synthesis completely; omission of Mg*+ reduced the yield by 
54%. In order to characterize the compound further, the incu- 
bation with the supernatant fraction of solid P-815 tumor was 
repeated on a larger scale, followed by continuous flow paper 
electrophoresis of the deproteinized reaction mixture. Only two 
radioactive fractions were obtained; of these, the faster moving 
was inorganic sulfate. The other fraction was lyophilized and 
found to be unstable in 0.1 N HCl (Table II). It was tested for 
its ability to form p-nitrophenyl] sulfate-S** from p-nitrophenol 
in the presence of a supernatant fraction of homogenized mouse 
liver. Synthesis of NPS* occurred in the absence of added ATP; 
nonradioactive sulfate did not dilute the radioactive product 
(Table II). Hydrolysis with 0.1 N HCl before incubation re- 
duced the transfer of S**-sulfate to 3%. These results indicated 
a close similarity to PAPS. Identification as PAPS was achieved 
by quantitative analysis of the compound (Table II), after it had 
been purified by chromatography on Dowex 1 according to the 
method used by Robbins and Lipmann (17) for the preparation 
of PAPS. 

Table I also shows the results of a determination of phenol 
sulfokinase by two different methods. Extracts of P-815 tumor, 
in contrast to mouse liver, appeared to lack such enzymatic ac- 
tivity. 

Presence of 3'-Phosphoadenosine 5’-Phosphosulfate in Mouse 
Tissues—In an attempt to relate the synthesis of PAPS by P-815 
tumor extracts in vitro to a process of sulfate activation in vivo, 
a search for endogenous PAPS in tumor tissue was carried out. 
The liver and colon of the tumor-bearing mice were examined 
simultaneously. Hot water extracts of the tissues were prepared 
15 minutes after intraperitoneal injection of S**-sulfate and sub- 
jected to paper electrophoresis after centrifuging to remove in- 
soluble material. At least three distinct radioactive fractions 
were present (Fig. 1). The immobile component appeared to 
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TABLE II T 
Identification of PAPS** synthesized by P-815 tumor in vitro 2600 7 i 
PAPS* was synthesized under the conditions described in Table = LIVER oe ¢ - 
I and was isolated by continuous flow paper electrophoresis. 100 
For determination of its spectrum and constituents it was purified Me 
by chromatography on Dowex 1 (17). ” 
SOL 
Spectrum (pH 4.0) 258 my 
Amin 230 my 
250/260 0.90 = 
2200 
280/260 0.43 g 
Constituents adenosine 1.00 mole “100 
pentose 1.09 mole = 
phosphate 2.21 mole mf 50 
Stability* 80% hydrolyzed by 0.1 n HCl at 37° in m 
30 minutes 
f d S%-sulf f 4 
Transfer to p-nitro- | 80% 0 boun 5*°-sulfate trans erreden- 2 P-8I5 TUMOR 
phenolt zymatically in 60 minutes Oo 
S100 q 
* Determined by paper electrophoresis in0.1M ammonium ace- q¢ 
tate buffer (pH 5.6). 50 
+ Determined by paper chromatography in butanol-acetic acid- 3 ” 
water (50:10:25) after incubation at 37° of PAPS*® (12 um) with =i 
p-nitrophenol (0.5 mm), cysteine (7.5 mm), K2SO, (10 mm), K ! | 
phosphate buffer (75 mm, pH 7.0) and the high speed supernatant - €0 5 iO CM 77> + 
fraction (5 mg of protein) of homogenized mouse liver in a final tT tT 
volume of 0.5 ml. 
MUCOPOLYSACCH. FRACTION A SULFATE 


contain sulfated mucopolysaccharides, since its radioactivity was 
retained on prolonged dialysis against water. The fastest-mov- 
ing component was identified as inorganic sulfate. The inter- 
mediate fractions, the fastest of which is henceforth designated 
Fraction A, were examined further by subjecting the whole of 
the soluble aqueous extract to continuous flow paper electro- 
phoresis. The tumor extract yielded only one mobile fraction in 
addition to inorganic sulfate, whereas liver and colon contained 
at least two, as was anticipated from the initial analysis on paper 
strips (Fig. 1). In each case the faster moving fraction (corre- 
sponding to Fraction A of Fig. 1) was chosen for further investi- 
gation. Recovery of the immobile S**-mucopolysaccharides was 
poor, presumably because of irreversible binding to the paper. 
Only in the presence of 0.1 N NaOH could substantial amounts 
of S**mucopolysaccharides be eluted. 

Fractions A from P-815 tumor, liver, and colon, isolated by 
continuous flow paper electrophoresis, were lyophilized to remove 
most of the ammonium acetate buffer and were compared with 
PAPS* prepared as described under “Materials.”” It appears 
from Table III that Fraction A from these tissues contains 
PAPS*5, since at least a part of the radioactivity is in a form 
labile to 0.1 N HCi, and capable of transfer to p-nitrophenol in 
the absence of added ATP. Moreover, Fraction A contains the 
coenzyme (PAP or PAPS) necessary for sulfate transfer between 
NPS and phenol (16) in a partially purified enzyme system (Table 
III). Since this assay procedure does not distinguish between 
PAPS and PAP, it was necessary to remove any PAP which 
might have been present as a contaminant. Accordingly, Frac- 
tions A were adsorbed on to Dowex 1 and subjected to gradient 
elution with ammonium formate and formic acid. A mixture of 
labeled compounds was present (Fig. 2),? the major one of which 


3 The first compound to be eluted appears to be inorganic sul- 
fate, present in most preparations of PAPS. 


Fic. 1. Paper strip electrophoresis of hot water extracts of 
mouse tissues. Three 20-g mice each received 300 ue of carrier- 
free sodium sulfate intraperitoneally 15 minutes before removal 
of the tissues. The ordinate shows the radioactivity on paper of 
samples (0.05 ml) of the extracts (30 ml), after electrophoresis in 
0.1 M ammonium acetate buffer (pH 5.6). The abscissa indicates 
the distance moved towards the anode after 3.5 hours at 10 volts 
per cm. 


showed slight UV absorption in the region of 260 mu. This ma- 
terial was lyophilized to remove formic acid and much of the 
ammonium formate. It contained a significant percentage of 
the coenzyme activity of Fraction A (Table III). Cochromatog- 
raphy of Fractions A from P-815 tumor, liver, and colon with 
nonradioactive PAPS by gradient elution in the ammonium 
formate-formic acid system showed that all the ultraviolet-ab- 
sorbing material was eluted simultaneously with the major ra- 
dioactive component. Hence it follows that this compound, 
present in Fraction A, is indeed PAPS**, The amount of PAPS 
recovered after Dowex chromatography and lyophilization, meas- 
ured on the basis of coenzyme activity, corresponded to at least 
20, 10, and 10% of the total PAP content of P-815 tumor, liver, 
and colon, respectively. 

Since mice bearing P-815 tumors begin to show signs of liver 
metastasis at 10 days after implantation of the tumor,‘ the above 
experiments were repeated with normal mice. Radioactive 
PAPS was found in liver and colon in amounts similar to those 
described in Table III. Accumulation of greater amounts of 
PAPS from such tissue extracts, followed by quantitative analy- 
sis and determination of the position of the phosphate groups 
should provide final proof of the structural identity of endogenous 
PAPS with material synthesized by chemical or enzymatic means. 


‘Dr. J. J. Jaffe kindly carried out a histological examination of 
such livers. 
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DISCUSSION 


It is apparent from Tables I and II that the mast cell tumor 
P-815, grown in solid or ascites form, contains the enzymes re- 
quired (15) for the formation of 3’-phosphoadenosine 5’-phospho- 
sulfate. Since radioactive sulfate has been shown to become 
incorporated into heparin of both the solid (10, 11) and the ascitic 
(22) tumor, this result is presumably a reflection of the partici- 
pation of PAPS in the biosynthesis of heparin (12). Such a view 
has also been expressed by Korn (14). Extracts of P-815 tumor 
which are active with regard to PAPS formation appear to lack 
the enzyme phenol sulfokinase, present in mouse liver (Table I). 
Hence the fate of PAPS during the biosynthesis of heparin seems 
to be controlled by sulfokinases different from the phenol con- 
jugating enzyme, a conclusion reminiscent of the specificity so 
clearly demonstrated in the case of steroid (23) and choline (24) 
conjugation. 

The fact that functionally diverse tissues such as mammalian 
liver (17), colon (7), and P-815 mast cell tumor (Table I) all catalyze 
the formation of PAPS in vitro, led the author to examine these 
organs for their capacity to synthesize the intermediate in an 
intact animal also. Fig. 1 shows that shortly after injection of 
tracer amounts of S**-sulfate, liver, colon, and P-815 tumor con- 
tain a radioactive substance with electrophoretic mobility similar 
to that of PAPS. Analysis (Table III) of this material before 
and after purification on Dowex 1 (Fig. 2) indicates the radio- 
activity to be present predominantly in the form of PAPS. The 
presence of labeled 3’-phosphoadenosine 5’-phosphosulfate in 
these tissues 15 minutes after the administration of isotope, is an 
indication of the rapid turnover of this metabolite. 

A comparison between the different organs (Fig. 1 and Table 


TABLE III 


Properties of Fraction A prepared from mouse tissues compared 
with those of PAPS* synthesized enzymatically 

Fraction A was prepared from hot water extracts of liver, colon, 
and P-815 tumor by continuous flow paper electrophoresis. 
PAPS?*5, synthesized as described under ‘‘Materials,’’ was isolated 
by the same procedure. Hydrolysis and transfer were determined 
as described in Table II. The content of PAP and PAPS was 
measured spectrophotometrically (16) with the enzyme prepara- 
tion described under ‘‘Methods.’’ 


! 


Fraction A 
Property | PAPS#5 
Liver Colon 
Percentage of radioactivity of Fraction A or 
A PS* recovered as inorganic sulfate 
Hydrolysis by 0.1 N HCl..... 43 ° | 46 | 38 


Percentage of radioactivity of Fraction A or 
PAPS* recovered as p-nitrophenyl S%-sulfate 


Transfer of bound S*5-sulfate | 
to p-nitrophenol........... 22 


_ 55 36 


myumoles/g of wet tissue 


Content of PAP + PAPS....| 10.7 3.7 | 3.1 
Content of PAPS after | 
Dowex chromatographyf...| 2.2 0.5 3.7 | 


* There was insufficient material for accurate determinations 
to be made. 

t The major radioactive component from each Fraction A after 
Dowex chromatography (Fig. 2) was lyophilized and assayed for 
coenzyme activity. 
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Fig. 2. Ion exchange chromatography of Fraction A from mouse 
tissues. Samples of Fraction A (each containing 140,000 ¢.p.m. : 
by gas flow assay), isolated from tissue extracts by continuous 
flow paper electrophoresis, were chromatographed on Dowex 1 by > 
gradient elution with I, 0.3 mM ammonium formate, 5 N formic acid; 
II, 1 M ammonium formate, 5 N formic acid; III, 4 M ammonium 
formate, 5 N formic acid as described under ‘‘Methods.’’ The tube 
volume was 12 ml. 


III) shows that colon has a relatively small pool of PAPS, al- 
though it forms S**-mucopolysaccharides more rapidly than the 
other tissues. In view of the fact that the small intestine of the 
guinea pig synthesizes S**-mucopolysaccharides at a much lower 
rate than the colon of the same animal (25), it is perhaps not 
surprising that Gregory and Lipmann (16) were unable to detect 
any PAP in the small intestine of the rabbit. The mast cell 
tumor, on the other hand, has the largest endogenous level of 
PAPS. The presence of S**-mucopolysaccharides, in addition to 
PAPS*5, in mouse liver is in accord with the previously demon- 
strated capacity of this organ to incorporate $**-sulfate into its 
heparin in vivo (26) and in vitro (27). 


SUMMARY 


The high speed supernatant fraction of P-815 mast cell tumor, 
grown in solid or ascitic form, catalyzes the synthesis of 3’-phos- 
phoadenosine 5’-phosphosulfate from adenosine triphosphate and 
sulfate. This fraction does not contain the enzyme phenol sulfo- 
kinase. Hot water extracts of liver, colon, and P-815 tumor, 
prepared shortly after injection of tracer amounts of S**-sulfate, 
contain several labeled compounds, one of which is phosphoade- 
nosine phosphosulfate. Its presence in the tissues of an intact 
mouse lends to sulfate activation a physiological significance 
which had not been established previously. 
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The conversion of orotic acid to both uridine nucleotides and 
cytidine nucleotides, originally reported by Hurlbert and Potter 
(1), has been studied primarily in intact tissues (for example, 
see references in (2)). The use of soluble enzyme preparations, 
of microbial, avian, and mammalian origin (3, 4) has demon- 
strated that the orotic acid is initially converted to UMP and 
thence to other uridine nucleotides (5). The problem of the 
formation of cytidine nucleotides has been partially elucidated 
by Lieberman (6), who described the conversion of UTP to 
CTP by a soluble enzyme, partially purified from Escherichia 
coli; ammonia, ATP, and Mg** were specifically required for 
the amination. The conversion of orotic acid or uridine nucleo- 
tides to cytidine nucleotides by soluble enzymes of mammalian 
origin has not previously been readily obtainable (4, 7, 8). 

A suggestion that the formation of cytosine compounds in 
cells of mammalian origin may require glutamine as the amino 
donor was provided by the work of Eidinoff et al. (9), who 
showed the glutamine antagonist, DON,! to inhibit the conver- 
sion of orotic acid to nucleic acid cytosine in rat tissues. Salz- 
man et al. (10) have also found the 6-amino group of nucleic 
acid cytosine in HeLa cell cultures to be derived from the amide 
group of glutamine, but not from ammonia. 

The above suggestion has been confirmed by the work to be 
reported here. The conversion of orotic acid to uridine nucleo- 
tides and the amination of uridine nucleotides to cytidine nucleo- 
tides was studied with soluble enzyme preparations from rat 
Novikoff tumor and rat liver. In partial contrast to the amina- 
tion system of EF. coli (6), the reaction required glutamine in- 
stead of ammonia and was stimulated by guanosine nucleotides. 
A preliminary report has been published (11). In a detailed 
study of pyrimidine metabolism in intact Novikoff tumor cells, 
the glutamine-requiring amination reaction was found to con- 


* Supported by grants from the American Cancer Society (P-146 
and P-146A). This work forms part of the dissertation submitted 
by H. O. Kammen to the Department of Chemistry and Chemical 
Engineering, Stanford University, in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 

t Present address, Department of Pharmacology, Yale Univer- 
sity, New Haven, Connecticut. 

1 The abbreviations used are: DON, 6-diazo-5-oxo-L-norleucine; 
azaserine, O-diazoacetyl-L-serine. The term ‘‘S; fraction’’ repre- 
sents the supernatant fraction obtained by a single centrifugation 
of homogenized tissue at about 105,000 X g and corresponds to 
supernatant preparations from which nuclei, mitochondria, and 
microsomes have been removed by three successive centrifuga- 
tions. 
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stitute the major pathway for the biosynthesis of cytidine nu- 
cleotides and RNA cytosine from orotic acid (2). 


EXPERIMENTAL 


Materials—Orotic acid-6-C' was purchased from Tracerlab, 
Inc. UMP-6-C" was prepared from the orotic acid by enzymatic 
procedures similar to those described in the legends of Fig. 1 
and Table I, followed by acid hydrolysis of the UMP-nucleo- 
tides and purification of the UMP by chromatography on Dowex 
1 (formate) columns (12). Uniformly C-labeled UMP and 
CMP were prepared by hydrolysis of uniformly labeled RNA 
(Schwarz Laboratories, Inc.) with rattlesnake venom diesterase 
(13, 14) followed by chromatographic purification on Dowex 1 
(formate) columns. Other nucleotides were purchased from 
Pabst Laboratories, nucleosides and amino acids from the Cali- 
fornia Corporation for Biochemical Research, and Tris from 
the Sigma Chemical Company. The DON preparation, from 
Parke-Davis and Company? (15) was 87% pure by spectro- 
photometric criteria (16). Barium phosphoglycerate and bar- 
ium ribose 5-phosphate, from Nutritional Biochemicals Cor- 
poration, were treated with Dowex 50 (H+) to remove the 
barium and neutralized. Other chemicals were commercial 
products of reagent quality. Tap distilled water was passed 
through a Barnstead Demineralizer before use. Dowex 1 and 
Dowex 50 were from the Dow Chemical Company. 

Preparation of Tumor S; Fraction—The Novikoff transplant- 
able hepatoma*® (17) was maintained by intraperitoneal trans- 
plantation every 5th or 6th day in female Holtzman Sprague- 
Dawley rats. For the enzyme preparations, the tumor was 
removed from the greater omentum on the 5th or 6th day, 
chilled, passed through two disks of stainless steel wire mesh in 
a large hypodermic syringe, and suspended in 0.25 m sucrose- 
0.01 m Tris-Cl, pH 8, solution. Most of the free blood cells 
were removed from the tumor mince by two rapid washes con- 
sisting of alternate suspension and low speed centrifugation 
(200 x g) in the sucrose solution. The tissue was packed for 
estimation of volume by centrifugation at 600 x g, a 334% 
(volume for volume) suspension in the sucrose solution was 
made, and the tissue was homogenized in a homogenizer of the 
Potter-Elvehjem type with a Teflon pestle and glass tube (A. 


2 Supplied by Dr. H. C. Reilly of the Sloan-Kettering Institute 
for Cancer Research. 

3 Originally supplied by Dr. Alex B. Novikoff of the Albert 
Einstein College of Medicine. 
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INCUBATION TIME IN-MINUTES 


Fic. 1. Conversion of C'4-orotic acid to uridine nucleotides 
and cytidine nucleotides by untreated tumor §; fraction. UMP 
N’TIDES and CMP N’TIDES represent total uridine nucleotides 
and total cytidine nucleotides, hydrolyzed and determined as 
UMP and CMP, respectively. U-UR is an unresolved mixture 
of uracil and uridine, CR is cytidine. Note that the values for 
cytidine nucleotides and cytidine have been multiplied by 10 for 
plotting. The reaction mixture contained untreated 8; fraction 
from 200 mg of tumor, 2.5 umoles of ATP, 0.5 umole of DPN, 10 
pmoles of MgCl, 15 umoles of K-phosphoglycerate, 3 wmoles of 
Na-ribose 5-phosphate, 5 wmoles of L-glutamine, 25 uwmoles of 
Tris-Cl buffer, pH 8.0, and 0.575 umole of orotic acid-6-C'™, 380,000 
c.p.m., in a total volume of 2.0 ml. Incubations were conducted 
at 38° for the times shown. 


H. Thomas Company) or in an Emanuel-Chaikoff orifice-type 
homogenizer (18). The homogenate was centrifuged at 0° at 
40,000 r.p.m. in the No. 40 head of the Spinco model L centri- 
fuge (about 105,000 x g) for 45 to 60 minutes to obtain the 
supernatant fluid, termed the ‘‘S; fraction”.! The final pH of 
the extract was 6.8 to 7.0. Ss fractions of liver were prepared 
in the same way except that the liver mince was not washed in 
the sucrose medium and was weighed to estimate the quantity. 

Standard Procedures for Dowex 1 Treatment and Dialysis—En- 
dogenous nucleotides were removed by passage of the 8; frac- 
tion through a column containing one-third its volume of Dowex 
1 (formate), previously equilibrated with Tris-Cl buffer of pH 
7.4. Dialysis to remove sucrose and endogenous metabolites 
was conducted with portions of 3 ml of 8; fraction, in Visking 
Company cellulose tubing, 1 cm flat, in large test tubes holding 
180 ml of 0.02 m Tris-Cl buffer of pH 6.5. The dialysis tubing 
had previously been soaked in 0.1 m sodium Versenate solution 
and rinsed repeatedly in water. The test tubes were closed so 
as to contain no air bubble and were rocked slowly for 2 to 4 
hours with one or two changes of the Tris-Cl buffer solution. 
Volume changes of the fraction due to dialysis were noted to 
permit equalization of enzyme concentrations in the different 
samples within an experiment. Tris-Cl buffers of suitable pH 
and concentrations were added to adjust all enzyme preparations 
to 0.035 m Tris-Cl of pH 7.2 to 7.4. 

Standard Incubation Conditions—The components of the stand- 
ard incubation were: 10 uwmoles of NaK-ATP, 20 umoles of 
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MgCl, 0.25 umole of K-GMP, 2.5 uwmoles of L-glutamine, and 
0.25 umole of Na-UMP-6-C™ in 0.25 ml volume (adjusted 
if necessary to pH 7.2 with Tris-OH). To this solution was 
added 0.75 ml of enzyme solution, containing 26 uwmoles of Tris- 
Cl buffer, pH 7.2 to 7.4. All components were kept at 0° before 
the beginning of incubation, which was conducted in a test tube, 
16 < 150 mm, at 38° for 30 minutes. 

The reaction was stopped and protein was precipitated by 
the addition of cold perchloric acid to a concentration of 0.4 n 
and a volume of 6 ml. The centrifuged extract was made to 1 
Nn perchloric acid, 0.5 umole each of CMP and cytidine were 
added as carriers, and the solution was heated at 100° for 20 
minutes to hydrolyze pyrimidine nucleoside polyphosphates to 
the mono-phosphates. The CMP was less than 3% hydrolyzed 
to UMP, cytidine, uridine, and uracil. The purine nucleotides 
were hydrolyzed to the free bases. The hydrolysate was ad- 
justed to pH 2 to 2.5 with KOH and analyzed by chromatog- 
raphy on Dowex 50 (H*) and Dowex 1 (formate) columns. 
The elution and determination of the C'* in the CMP, cytidine, 
UMP, and an unresolved uridine-uracil mixture have been de- 
scribed elsewhere (2). 


RESULTS 


Conversion of Orotic Acid-6-C'4 to Uridine Nucleotides and 
Cytidine Nucleotides—The relative amounts of conversion of 
orotic acid to uridine nucleotides, uracil plus uridine, cytidine 
nucleotides, and cytidine by an untreated enzyme preparation 
are shown in Fig. 1. Glutamine was added as the amino donor 
and active phosphorylation was maintained by the addition of 
phosphoglycerate. (DPN was also added but was unnecessary 
for these reactions.) The rapid conversion of orotic acid to 
uridine nucleotides is shown, with increasing breakdown of the 
uridine nucleotides to uridine plus uracil during the 30- to 45- 
minute time period. The initial lag in the rate of formation of 
cytidine nucleotides (plotted on a 10X scale) and the maximum 
rate at the time of maximum concentration of radioactive uri- 
dine nucleotides (and the minimum concentration of orotic 
acid) provided evidence that the cytidine nucleotides were de- 
rived indirectly from orotic acid. The data also suggested that 
the uridine nucleotides were intermediates in the conversion. 

Conclusive evidence for the participation of uridine nucleo- 
tides as intermediates is given in Table I. The amounts of 
orotic acid converted to uridine nucleotides were controlled by 
the omission of ribose 5-phosphate and the substitution of nu- 
cleosides as ribose donors. (It is of interest that uridine, guano- 
sine, and adenosine were more effective than ribose 5-phosphate 
in the stimulation of this conversion.) Despite the variations 
in the amounts of orotic acid converted, the radioactivity of the 
cytidine nucleotides was a relatively constant percentage of 
the radioactivity of the total uridine and cytidine nucleotides 
formed. There were major exceptions: UMP, uridine, CMP, 
and cytidine all suppressed the formation of cytidine nucleotides 
relative to the amounts of total nucleotides formed. The effect 
of the added unlabeled UMP, which can be expected to dilute 
greatly the specific radioactivity of the uridine nucleotides de- 
rived from orotic acid, provided evidence that some member of 
the uridine nucleotide pool was a direct intermediate in the con- 
version to cytidine nucleotides. The much smaller effect of 
uridine was explainable by the phosphorylation to uridine nu- 
cleotides, known to occur under these conditions, and ruled 
out the possibility that uridine was the direct intermediate. 
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The use of C'4-UMP directly as the precursor, in the absence 
of orotic acid and ribose phosphate, gave a greater yield of 
radioactive cytidine nucleotides than did the use of C'*-orotic 
acid. Addition of nonradioactive uridine diminished the yield 
of radioactivity as would be expected if the uridine nucleotide 
pool were diluted in specific activity by the phosphorylation of 
uridine. 

The strong suppressing effects of CMP and cytidine appeared 
to be a direct inhibition of the formation of cytidine nucleotides. 
No other radioactive cytosine compound accumulated. Greater 
than 50% inhibition by 0.3 umole of added CMP in this system 
has been observed in other experiments. Similar inhibitions by 
cytidine have also been observed in intact-cell suspensions of 
the tumor (19); studies of the effects of uridine and cytidine on 
the formation of cytidine nucleotides will be the subject of 
another communication. 

Conversion of UMP-C"* to Cytidine Nucleotides by Tumor S83: 
Phosphorylation and Nucleotide Requirements—In a preliminary 
publication (11) it was shown that “high-energy phosphate”’ 
was required for the conversion of C'-UMP to cytidine nucleo- 
tides. In further experiments the formation of cytidine nucleo- 
tides from C'4-UMP has been studied with 8; fractions subjected 
to both dialysis and treatment with Dowex 1 (formate). Table 
II shows the effects of various concentrations of ATP, GTP, 
phosphoglycerate, and MgCl2. In several samples the percent- 
age of the UMP phosphorylated to UTP was also determined. 
Under the conditions which employed phosphoglycerate as the 


TABLE I 


Conversion of C'4-orotic acid and C'4-UMP to uridine nucleotides 
and cytidine nucleotides by untreated tumor S; fraction 


Each reaction mixture contained untreated S; fraction from 
370 mg of tumor, 5.0 zmoles of ATP, 1.0 umole of DPN, 30 umoles 
of K-phosphoglycerate, 20 uwmoles of L-glutamine, 20 uwmoles of 
MgCl., and 50 umoles of Tris-Cl buffer, pH 8.0, in a volume of 3.25 
ml. Incubations were at 38° for 30 minutes. Recoveries of radio- 
activity in the uridine-uracil fractions were 2 to 4% of the radio- 
activity of the corresponding UMP nucleotides fraction. The 
radioactivity recovered as cytidine and cytosine was negligible. 


Radioactivity re- C4 in CMP 
covered in nucleotides 
(percentage of 
UMP an 
nucleotides — 
additions in wmoles c.p.m. c.p.m. % 
Precursor: 380,000 c.p.m. as 
orotic acid-6-C'4 1.17 
No ribose donor 63,000 | 6,750 9.7 
Ribose 5-phosphate 5.0 | 217,000 | 21,800 9.1 
Adenosine 5.0 | 246,800 | 23,400 8.7 
Guanosine 5.0 | 273,300 | 29,300 ~ GuFz 
Uridine 5.0 | 321,300 | 14,700 4.4 
Cytidine 5.0 | 103,200 343 0.3 
UMP 12.5 | 97,100 677 0.7 
CMP 5.0 | 100,700 78 0.1 
Precursor: 85,000 c.p.m. as 
uniformly labeled UMP- 
0.5 
No ribose donor 71,200 | 12,200 14.6 
Uridine 5.0 | 74,100} 7,800 9.5 


TABLE II 


Effects of ATP, GTP, phosphoglycerate, and Mg** on formation of 
cytidine nucleotides from C'*-UMP by dialyzed and Dowex 
1-treated tumor 8S; fraction 


Each reaction mixture also contained 8; from 260 mg of tumor 
(dialyzed and passed through Dowex 1-formate), 5.0 umoles of 
L-glutamine, 75 uwmoles of Tris-Cl buffer, pH 7.4, and 0.5 umoles of 
UMP-6-C'!4, 60,000 c.p.m., in a total volume of 1.70 ml. Incuba- 
tions were conducted for 30 minutes at 38°. The relative amounts 
of C'4in UMP, UDP, and UTP were estimated after ion exchange 
chromatography of aliquots of the reaction mixtures taken after 
15 minutes of incubation. 


C4-UTP at 
Radioactivity 15 min. 
Conditions in CMP (percentage 
nucleotides jof total UMP 
nucleotides) 
additions in wmoles c.p.m. % 
Phosphoglycerate, 14; MgCle, 10 
ATP, 0.0; GTP, 0.25 0 21 
ATP, 0.0; GTP, 0.25 180 82 
ATP, 0.25; GTP, 0.0 230 
ATP, 0.25; GTP, 0.25 340 82 
ATP, 0.25; GTP, 2.5 770 
ATP, 2.5; GTP, 0.0 2160 
ATP, 2.5; GTP, 0.25 4220 93 
ATP, 5.0; GTP, 0. 10230 
Phosphoglycerate, 0.0; MgCl, 10 
ATP, 0.0; GTP, 10.0 120 
ATP, 0.25; GTP, 10.0 480 57 
ATP, 2.5; GTP, 10.0 2240 53 
ATP, 10.0; GTP, 0.25 7340 77 
Phosphoglycerate, 0.0; MgCle, 0.0 
ATP, 10.0; GTP, 0.25 0 65 


main high-energy phosphate reservoir, 0.25 umole of ATP per 
ml was adequate for the phosphorylation, but concentrations 
up to 5 wmoles per ml were necessary for the amination. GTP 
at 2.5 umoles per ml could replace the ATP for the phosphoryla- 
tion, but was ineffective alone in the amination. GTP at 0.25 
umole per ml was capable of potentiating the effect of ATP at 
all levels. High concentrations (10 wmoles per ml) of both 
ATP and GTP appeared to substitute partially for the phospho- 
glycerate as the high-energy phosphate reservoir, but the ami- 
nation activity was dependent on the concentration of ATP 
rather than on the concentration of GTP. In the absence of 
added magnesium ion no amination activity was obtained al- 
though the phosphorylation of UMP to UTP was unimpaired. 

Other experiments of this type led to the development of 
simplified conditions for the amination reaction, utilizing only 
ATP, MgCl, glutamine, GMP, Tris-Cl buffer, and UMP-6-C" 
as reaction components, with a dialyzed Ss; fraction as the en- 
zyme source. These conditions (defined as standard for the 
purpose of this paper) are described in “Methods.” The effects 
of variations in the standard preparation of the enzyme and 
variations in the reaction components are described in the fol- 
lowing paragraphs. 

Study of Standard Conditions: Preparation of Enzyme System 
—For the preparation of the enzyme, homogenization of the 
tissue in 0.25 m sucrose-0.01 m Tris-Cl, pH 8, was preferable to 
homogenization in sucrose-Tris solution of pH 6.5, apparently 
because of less effective breakage of the cells (observed with the 
microscope) at the lower pH. High speed centrifugation of the 
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CONVERSION OF C'4-UMP TO 
CMP NUCLEOTIDES 
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Fic. 2. Effects of dialysis pH and incubation pH on the for- 
mation of cytidine nucleotides from C'4*-UMP. In Series A, por- 
tions of 1.5 ml of tumor §; fraction were dialyzed for 2 hours 
against portions of 180 ml of 0.02 m Tris-Cl buffer solutions of 
various pH values, then brought to 0.04 m Tris-Cl, pH 8.0, by the 
addition of concentrated Tris-Cl buffers. In Series B, portions 
of the same §; fraction dialyzed in a similar way at pH 6.5 were 
adjusted to 0.04 m Tris-Cl of the various pH values desired in the 
incubation. Each reaction mixture contained 0.75 ml of enzyme 
preparation (from 188 mg of tumor in Series A and 137 mg of tu- 
mor in Series B), 10 uzmoles of ATP, 20 umoles of MgCle, 2.5 umoles 
of L-glutamine, 0.25 unmole of GMP, and 0.25 umole of UMP-6-C", 
115,000 c.p.m. per umole, in a total volume of 1.0ml. Incubations 
were conducted for 30 minutes at 38°. 


TABLE III 


Effects of dialysis and Dowez 1 treatment on formation of cytidine 
nucleotides from C'*-UMP by tumor S3 fraction 

Separate portions of the tumor §; fraction were treated with 
Dowex 1 (formate), or dialyzed for 2 hours, or treated with Dowex 
1 (formate) with subsequent dialysis, as described in ‘‘Methods.”’ 
Untreated control portions were stored for similar time periods at 
2-3°. The standard reaction mixture and conditions were used 
as described in ‘‘Methods.’’ The specific activity of the UMP-6- 
C* was 100,000 c.p.m. per umole. 


Radioactivity in CMP 
nucleotides 
Stimulation 


Condition of S; fraction by GMP 
NoGMP | 6.25 

c.p.m. c.p.m. % 
Untreated, fresh 5105 8280 62 
Dowex 1 treated, fresh 3420 8030 135 
Untreated, aged 3 hours 4785 8230 72 
Dialyzed 4155 8180 97 
Dowex 1 treated, dialyzed | 3485 8500 144 


homogenate was essential; preparations centrifuged at 22,700 x 
g for 12 minutes, or at 105,000 x g for 10 minutes were about 
4 and ¢ as active, respectively, as the standard preparation. 
The reduced activity was associated with greater degradation 
of the C’-UMP to uridine and uracil. Initial efforts to dialyze 
the Ss fraction against water, 0.25 m sucrose, or 0.01 m Tris-Cl 
buffer, pH 7, solutions caused large and variable losses of enzyme 
activity. It was eventually found that with the dialysis proce- 
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dure described in ‘‘Methods,” the enzyme activity could be 
preserved well for 1 to 4 hours. The enzyme activity was 
greatly reduced when unwashed dialysis tubing was used with 
agitation in the presence of air. Prolonged dialysis resulted in 
a steady loss of activity; 70% was lost in a 24-hour period. The 
rapid loss of amination activity at pH values lower or higher 
than 6.5 is shown in Fig. 2. A comparison of the amination 
activities of untreated, Dowex 1-treated and dialyzed prepara- 
tions is shown in Table ITI. 

Study of Standard Conditions: Activation by Guanosine Nucleo- 
tides—The results of experiments on dialysis and activation 
indicated that the amination activity of the S; fraction could 
be diminished by dialysis, or by treatment with Dowex 1 or 
charcoal, and could be partly or wholly restored by the addition 
of a heated extract of liver (11). Most of the activating effect 
could also be removed from the heated liver extract by treat- 
ment with Dowex 1 or charcoal. These results suggested that 
the activator was a nucleotide. (Guanosine nucleotides in 
amounts similar to those expected in the liver extracts were 
subsequently found to be more effective than the extracts. 
Guanosine alone and a combination of DPN and inosine 5’- 


- phosphate (20) were also capable of causing an activation, pre- 


sumably by the formation of guanosine nucleotides. Other 
possible cofactors tested and found inactive included (alone and 
in various combinations): a-keto acids, coenzyme A, pyridoxal 
phosphate, TPN, DPN, cysteine, and glutathione. Zinc and 
cobaltous ions were inhibitory. 

The results presented in Table III show the increase in ac- 
tivity caused by guanosine nucleotides to be 60 to 100% in the 
case of untreated enzyme preparations and 100 to 200% in the 
ease of treated preparations. The stimulation by GMP was 
increased somewhat after prolonged dialysis although it was not 
capable of restoring the initial control level of activity. Greater 
stimulations by GMP and GTP were observed with treated rat 
liver preparations (Table V). At present it would appear that 
the presence of guanosine nucleotides accounts for the stimula- 
tion effects obtained with the Ss; fractions and the heated liver 
preparations. 

Study of Standard Conditions: Reaction Components—The op- 
timum incubation pH, with Tris-Cl buffer, was between 7.0 and 
7.5, aS indicated in Fig. 2. There was no inhibition by con- 
centrations of Tris-Cl buffer between 0.02 and 0.05 m. 

The effects of variations in the concentrations of ATP, gluta- 
mine, and GMP are shown in Fig. 3. The apparent inhibition 
by ATP at higher levels may have been due to inadequate 
amounts of Mg++. The effects of various concentrations of 
magnesium ion were determined in a separate experiment (not 
shown); the optimum ratios of molar concentrations, MgCl: to 
ATP, were found to be 1.5 to 2.0. Ratios less than 1.0 were 
strongly inhibitory. 

The effects of variations in substrate and enzyme concentra- 
tions were also determined. The optimum concentration of 
C4-UMP was 0.25 to 0.5 umole per ml; concentrations less 
than 0.2 umole per ml did not saturate the enzyme system. 
The level of 0.25 umole per ml used in the standard conditions 
afforded valid comparisons within experiments but may not 
have been optimum with respect to maximum activity and to 
comparisons between experiments. The amination activity was 
proportional to the amount of S; fraction up to about 200 mg- 
equivalents of tumor per ml. 

Effects of Amino Donors and DON on Formation of Cytidine 
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Nucleotides from UM P-C'*—The relationships among glutamine, 
glutamic acid, ammonia, and DON have been investigated under 
the standard conditions, as shown in Table IV. Ammonium 
glutamate, glutamate, and ammonium chloride were 62, 58, 
and 15% as effective, respectively, as glutamine at the same 
level (2.5 wmoles per ml). DON inhibited the amination com- 
pletely in the absence of an amino donor; this inhibition was 
partly overcome by glutamine. In the presence of 0.1 umole 
per ml of DON, glutamate and ammonia combinations were less 
than 5% as effective as glutamine. Paper chromatography 
(phenol saturated with water) of aliquots of these reaction mix- 
tures indicated that glutamine was not degraded rapidly and 
that glutamate was slowly converted to glutamine. Aspartic 
acid and asparagine have been repeatedly found to be ineffective 
in stimulation of the amination. 

The inhibitory effect of DON appears to be an irreversible 
inactivation of the enzyme, which is competitively delayed by 
glutamine. A 99% inhibition of the amination activity was 
caused by 0.05 umole of DON incubated at 38° with the enzyme 
alone for 10 minutes before addition of the other components 
(including glutamine) of the standard reaction mixture. When 
1.25 or 2.5 uwmoles of extra glutamine were included with the 
DON during the preincubation, the inhibitions were 70 and 
54%, respectively. Control samples showed that the preincuba- 
tion itself in the absence of additives was not markedly inhibi- 
tory. The inhibitory effect of DON added with the standard 
reaction components was 64% without extra added glutamine 
and 50% with 1.25 wmoles of extra glutamine. These effects 
of preincubation are similar to those reported by Levenberg 
et al. (21) in a description of the action of azaserine and DON 
on the utilization of glutamine for the formation of 5-phospho- 
ribosylformylglycinamidine. 

Other Properties of Amination Enzyme System—Whole ho- 
mogenates of the tumor were almost completely inactive, even 
though phosphorylation was maintained well enough to permit 
some incorporation of UMP-C™ into RNA (22). S; fractions 
prepared from tissue homogenized in 0.13 m KCI-0.01 m MgCl.- 
0.015 m KPO,, pH 7.4, showed poor activity, as did Tris-Cl 
buffer extracts of acetone powders. The sucrose-Tris 83 frac- 
tions lost activity completely on storage overnight at 2°, but 
could be frozen in solid CO2-acetone and stored at —10°; in one 
test, 40% of the activity was lost in 1 week, and 70% in 2 weeks. 
The amination activity of preparations dialyzed against 0.02 m 
Tris-Cl buffer, pH 6.5, was well retained for several weeks in 
the lyophilized state. 

Attempted Reversal of Amination—Uniformly labeled C'4-CMP 
was incubated with untreated S; under the conditions described 
in Fig. 1 (with the omission of the C"-orotic acid and ribose 
phosphate). There was negligible conversion of the CMP to 
uridine nucleotides, and the presence or absence of either gluta- 
mine or DON had no effect. The same enzyme preparation 
and conditions were demonstrated to be active in the amination 
of UMP to cytidine nucleotides. The results indicate that the 
amination reaction is not readily reversible under these condi- 
tions (but do not constitute a study of true irreversibility). 
Deamination of cytidine has been noted in homogenates (19) 
and intact cell preparations (2) of the tumor. 

Properties of Amination System of Rat Liver—The amination 
activity of the S; fraction of rat liver was roughly cma the 
activity of the tumor preparation. The optimum pH values 
for dialysis were 6.5 to 7.0 and for incubation 7.0 to 7.5. These 
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Fic. 3. Effects of ATP, Lt-glutamine, and GMP concentrations 
on the formation of cytidine nucleotides from C!4-UMP by dialyzed 
tumor 8; fraction. The circled point is common to the three 
curves and represents the standard conditions (see ‘“Methods’’). 
Each reaction mixture also contained dialyzed S; fraction from 
222 mg of tumor and 0.25 umole of UMP-6-C"*, 115,000 c.p.m. per 
umole. The formation of radioactive cytidine was negligible, 
except at the 2.5 umole level of ATP, where an amount one-third 
as great as the amount of radioactive CMP nucleotides was 
formed. 


TaBLeE IV 
Effects of amino donors and diazo-oxo-norleucine on formation of 
cytidine nucleotides from C'*-UMP by dialyzed tumor 8S; 

The reaction mixtures contained dialyzed 8; fraction from 208 
mg of tumor, and 0.25 wmole of UMP-6-C"™, 25,000 c.p.m. In- 
cubations were conducted under the standard conditions de- 
scribed in ‘‘Methods.’’ 


Amination 
Conditions 
nucleotides maximum) 
additions in umoles c.p.m. % 

Glutamine, 2.5; DON, 0.0 8580 (100.0) 
Glutamine, 2.5; DON, 0.025 5410 63.0 
Glutamine, 2.5; DON, 0.10 1645 19.2 
Glutamine, 2.5; DON, 0.25 645 7.5 
Glutamate, 2.5; DON, 0.0 4975 58.0 
Glutamate, 2.5; DON, 0.10 25 0.3 
NH,-Glutamate,* 2.5; DON, 0.0 5340 62.2 
NH,-Glutamate,* 2.5; DON, 0.10 80 0.9 
NH,Cl, 2.5; DON, 0.0 1305 15.2 
NH,Cl, 2.5; DON, 0.025 90 1.0 
NH,Cl, 2.5; DON, 0.10 80 0.9 
NH,Cl, 2.5; DON, 0.25 70 0.8 
NH,Cl, 5.0; DON, 0.10 130 1.5 
No amino donor; DON, 0.0 860 10.0 
No amino donor; DON, 0.10 30 0.3 


* Added as 2.5 umoles of NH,Cl and 2.5umoles of Na-glutamate. 


ranges were similar to those of the tumor system, but broader 
and less distinct. The response of the liver system to the addi- 
tions of glutamine, other amino donors, and DON was less pro- 
nounced but similar to the response of the tumor system, as 
shown in Table V. Addition of GTP (or GMP) to the incuba- 
tion mixture increased the amination activity by 125% in the 
case of an untreated 8S; fraction and by 400 to 500% in the case 
of a dialyzed and Dowex 1-treated 8; fraction. Dialysis and 
Dowex 1 treatment increased the amination activity of the 8; 
fractions; these treatments were also noted to decrease by 75% 
or more the amounts of C'-UMP degraded to uridine-uracil by 
the liver S;. Apparently associated with the degradative ac- 
tivity was the occurrence of nonpyrimidine radioactivity in the 
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TABLE V 


Liver S; fraction: effects of guanosine nucleotides, amino donors, 
and DON on formation of cytidine nucleotides from C'*-UMP 
Each reaction mixture contained §; fraction from 187 mg of 

liver, treated with Dowex 1 (formate) and dialyzed as described 

in ‘‘Methods.’’ The standard incubation conditions were as de- 
scribed in ‘‘Methods;”’ the specific activity of the UMP-6-C" was 

100,000 c.p.m. per umole. Negligible amounts of cytidine were 

formed, although another radioactive material was found in the 

Dowex 50-cytidine fraction (see text). In other experiments the 

maximum formation of cytidine nucleotides was about twice as 

great as in this experiment. 


Conditions 
additions in umoles c.p.m. 
Untreated 8; fraction 

Standard incubation minus GMP 
No addition 80 
GMP, 0.25 185 

Dowex 1, dialyzed 8S; fraction 

Standard incubation minus GMP 
No addition 85 
GMP, 0.25 380 
GTP, 0.10 265 
GTP, 0.25 365 
GTP, 0.50 410 

Standard incubation minus gluta- 

mine 165 
No addition 
Asparagine, 2.5 240 
plus glutamate, 2.5 255 

NH,-glutamate, 2.5 330 
Glutamine, 2.5 

Standard incubation minus gluta- 

mine, plus DON, 0.050 
No addition 4 
Asparagine, 2.5 
plus glutamate, 2.5 11 

NH,-glutamate, 2.5 10 
Glutamine, 0.5 21 
Glutamine, 1.0 39 
Glutamine, 2.5 87 


“cytidine” fraction of the Dowex 50 chromatographic procedure. 
The occurrence and chromatographic properties of the material 
indicated it to be 6-alanine, derived by the degradation of uracil 
(see (23)). 


DISCUSSION 


The use of glutamine in the amination step by these rat tis- 
sues and by HeLa cell cultures (10), also of mammalian origin, 
is in some contrast with the direct use of ammonia by the en- 
zyme from Escherichia coli, described by Lieberman (6),‘ al- 
though the systems are clearly related in function. Determina- 
tion of the requirements of the amination enzymes from various 
other sources may provide further clues as to the mechanism 
involved in the amination process. An analogous situation has 
been reported in the amination of xanthosine 5’-phosphate to 


‘The mammalian and bacterial enzymes may also differ in the 
requirement for guanosine nucleotides and the inhibition by 
-eytidine nucleotides. This inhibition by cytidine nucleotides is 
minimized in the standard incubation system as compared with 
the orotic acid-phosphoglycerate system. 
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GMP: ammonia is required by a bacterial enzyme (24), whereas 
glutamine is required by an avian enzyme (20) and a mam- 
malian enzyme (25). 

The major evidence for the participation of glutamine in the 
amination of uridine nucleotides is the strong and irreversible 
inhibition by the glutamine analogue, DON. A related inhibi- 
tor, azaserine, has been clearly shown to inhibit specifically and 
irreversibly the utilization of ATP and the amide group of glu- 
tamine in the formation of phosphoribosylformylglycinamidine 
(21). Azaserine is inhibitory to a lesser extent in three other 
reactions utilizing the amide group of glutamine (25-27). DON 
inhibits more strongly than azaserine in the reactions forming 
phosphoribosylformylglycinamidine (21) and GMP (25) and ap- 
parently acts in an analogous manner. On the basis of this 
evidence it is apparent that the amination of uridine nucleotides 
resembles the above group of “aminations” in that the amide 
group of glutamine and ATP are utilized. 

The uridine nucleotide acting as the direct recipient of the 
amino group could not be identified in these experiments be- 
cause the phosphorylative interconversions were far more rapid 
than the amination step. Direct tests of UMP, UDP, and 
UTP as precursors indicated only a slight superiority of UTP. 
The requirements for vigorous phosphorylation and the observed 
predominance of UTP in experiments resulting in high yields 
of cytidine nucleotides correspond to the preferential use of 
UTP and UDP by the bacterial enzyme (6). 

The stimulation of the amination reaction by low levels of 
GMP or GTP permits the suggestion that guanosine nucleo- 
tides participate as cofactors in the reaction, although the na- 
ture of the participation remains to be determined. GTP has 
been shown to participate in the formation of adenylosucci- 
nate by phosphorylation of the 6-hydroxy position of inosine 

‘-phosphate (28). 

Separation of the uridine nucleotide amination system from 
the complex mixture of enzymes in the 8; fraction will be re- 
quired before more detailed studies and conclusions are justified 
regarding the exact compounds involved as substrates and prod- 
ucts, the nature of the activation step(s), the role of the guano- 
sine nucleotides and the reversibility of the reaction. Purifica- 
tion of the amination system has been hampered by the lability 
and low activity of the enzyme preparations. 

The standard procedure, as described, is expected to have 
utility as an assay system for determination of the amination 
activity of various tissues. Of rat tissues, the Novikoff tumor 
has shown the greatest activity, with maximum values of about 
0.1 umole of CMP nucleotides formed per 200 mg of tissue per 
30 minutes. Preparations from thymus and spleen were roughly 
one-fourth to one-third as active and from liver and kidney 
about one-tenth as active as the tumor preparations. 


SUMMARY 


The formation of cytidine nucleotides from C*‘-orotic acid or 
C'4-uridine 5’-phosphate has been studied with soluble enzymes 
from rat Novikoff tumor and rat liver. Orotic acid was initially 
converted| to uridine nucleotides; no evidence was found for a 
direct ee moni of orotic acid to cytosine compounds. 

The conversion of uridine 5’-phosphate to cytidine nucleotides 


5 An irreversible inactivation of the amination system by pre- 
incubation with DON in the absence of glutamine has also been 
shown in experiments with suspensions of intact Novikoff ascites 
cells (E. C. Moore and R. B. Hurlbert, to be published). 
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was directly dependent on the concentrations of adenosine tri- 
phosphate, MgCl, and glutamine. The glutamine antagonist, 
6-diazo-5-oxo-L-norleucine, was strongly inhibitory; glutamine 
partially prevented the inhibition, but ammonium chloride, 
glutamate, asparagine, and aspartic acid were ineffective. The 
conversion was stimulated 2- to 3-fold by the addition of low 
concentrations of guanosine nucleotides. Phosphorylation of 
the uridine 5’-phosphate to uridine triphosphate appeared to 
assist the conversion. Cytidine nucleotides were not deami- 
nated under the conditions studied, but were potent inhibitors 
of the amination reaction under certain conditions. 

These results demonstrated a pathway for the formation of 
cytosine compounds in rat tissues through the amination of a 
uridine nucleotide to form cytidine nucleotides. The amide 
group of glutamine served as the amino donor, adenosine tri- 
phosphate and Mg++ were required, and guanosine nucleotides 
appeared to be cofactors in the amination step. 


Acknowledgment—This project was conducted with the cap- 
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in this laboratory by Dr. Y. Takenaka. 


REFERENCES 
1. HuRLBERT, R. B., AND PoTtrer, V. R., J. Biol. Chem., 209, 1 
(1954). 
2. KAMMEN, H. O., AND HurRLBERT, R. B., Cancer Research, 19, 
654 (1959). 


3 LIEBERMAN, I., KORNBERG, A., AND Simms, E. S., J. Biol. 
Chem., 215, 403 (1955) 

4, HuRLBERT, R. B., AND RetcHarp, P., Acta Chem. Scand., 9, 
251 (1955). 

5. Carter, C. E., Annual review of bicchemistry, Vol. 25, Annual 
Reviews, Inc., Palo Alto, California, 1956, p. 136. 

6. LIEBERMAN, I., J. Biol. Chem., 222, 765 (1956). 


R. B. Hurlbert and H. O. Kammen 


SiS F BB 


449 


. SToNE, J. E., aNp Potter, V. R., Cancer Research, 17, 794 


(1957). 


. HEIDELBERGER, C., LEIBMAN, K. C., Harpers E., AnD 


BuHarGava, P. M., Cancer Research, 17, 399 (1957). 


. Erp1norr, M. L., J. E., Marano, B., CHEONG, 


L., Cancer Research, 18, 105 (1958). 


. SaAtzMAN, N. P., Eacue, H., anp Sesrina, E. D., J. Biol. 


Chem., 230, 1001 (1958). 


. KamMMEN, H. O., AND HuRLBERT, R. B., Biochim. et Biophys. 


Acta, 30, 195 (1958). 


. HURLBERT, R. B., in S. P. Cotowick anp N. O. Kapuan (Edi- 


tors), Methods in enzymology, Vol. III, Academic Press, Inc., 
New York, 1957, p. 785. 


. Hurst, R. O., ano Butter, G. C., J. Biol. Chem., 193, 91 


(1951). 


. SINSHEIMER, R. L., AND KOERNER, J. F., J. Biol. Chem., 198, 


293 (1952). 


. Enruicn, J., Correy, G. L., Fisner, M. W., A. B., 


KouBERGER, D. L., Macuamer, H. E., W. A., 
AND ROEGNER, F. R., Antibiotics and Chemotherapy, 6, 487 
(1956). 


. Dion, H. W., Fusart, S. A., JakuBowskl, Z. L., Zora, J. G., 


AND Bartz, Q. R., J. Am. Chem. Soc., 78, 3075 (1956). 


. Novixorr, A. B., Cancer Research, 17, 1010 (1957). 
. EMANUEL, C. F., ano Cuarxorr, I. L., Biochim. et Biophys. 


Acta, 24, 254 (1957). 


. KamMMEN, H. O., AND HuRLBERT, R. B., Federation Proc., 17, 


252 (1958). 


. LAGERKVIST, U., J. Biol. Chem., 233, 143 (1958). 
. LEVENBERG, B., MELNIcK, I., AND BucHANAN, J. M., J. Biol. 


Chem., 225, 163 (1957). 


. HurvBert, R. B., AND KamMEN, H. O., Federation Proc., 16, 


199 (1957). 


. D. P., anp Grisoiia, S., J. Biol. Chem., 226, 277 


(1957). 


. Moyen, H. 8., anp Maaasanik, B., J. Biol. Chem., 226, 351 


(1957). 


. ABRAMS, R., AND BENTLEY, M., Arch. Biochem. Biophys., 79, 


91 (1959). 


. Preiss, J.,. AND HANDLER, P., J. Biol. Chem., 233, 493 (1958). 
. GotptuwairT, D. A., J. Biol. Chem., 222, 1051 (1956). 
. LIEBERMAN, I., J. Biol. Chem., 223, 327 (1956). 


eas | 
1m- 
the 
ples 
ibi- 
and 
13 | 
ing 
ap- 
this 
des 1 
lide 
be- 
TP. 19 
ved 
of 
leo- 
na- 
hes 
sine 
re- | 
ified 
rod- 
ano- 
fica- 
ility 
nave 
ition 
bout 
per 
ghly 
diney 
id or 
ymes 
ially 
‘or 3 
tides 
pre- 
been 
cites 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 235, No. 2, February 1960 
Printed in U.S.A. 


Metabolism of Adenosine and Deoxyadenosine by Growing 
Cultures of Escherichia coli* 


Rusty J. Manst AnD ARTHUR L. Kocu 


From the Department of Biochemistry, College of Medicine, University of Florida, Gainesville, Florida 


(Received for publication, September 8, 1959) 


In the work reported here the kinetic properties of adenosine 
deaminase and of the nucleoside cleavage reaction were studied 
in growing intact bacteria. 

Lutwak-Mann (1) found that the addition of adenosine to a 
suspension of viable but resting Escherichia coli cells resulted in 
the accumulation of hypoxanthine in the suspending medium. 
Stephenson and Trim (2) observed an enhanced rate of ammonia 
release from adenine when adenosine was added to resting cul- 
tures. These observations together with the observed conver- 
sion of inosine to hypoxanthine (3) and of hypoxanthine deoxy- 
ribonucleoside to hypoxanthine (4) suggest that, in resting cells, 
deamination occurs at the nucleoside level, and precedes net 
cleavage of the ribo- or deoxyribonucleoside. 

The properties in vitro of adenosine deaminase and nucleoside- 
cleaving enzymes have been studied in extracts prepared from 
exponentially growing LE. coli strain B (5, 6). Adenosine and 
deoxyadenosine as well as adenosine 3’-phosphate are deami- 
nated by the extracts (6). In addition, ribonucleosides and de- 
oxyribonucleosides are cleaved by the nucleoside phosphorylases 
and hydrolases present in the same extracts (5). 

The present experiments conducted with growing cells demon- 
strate that the metabolism of adenosine and deoxyadenosine is 
in accord with the reactions noted in resting cell suspensions. 
Furthermore, by making quantitative kinetic measurements of 
adenosine deaminase activity in the growing system, it is pos- 
sible to make a comparison between the kinetic properties of the 
systems in vivo and in vitro. 

In kinetic experiments each cell is considered as a unit of en- 
zymatic activity. The specific rate of reaction is calculated as a 
function of the bacterial titer rather than as a function of time, 
thereby simplifying interpretation of the kinetic data (7, 8). 
The extracellular concentration of metabolite, S, present at any 
time is plotted against the bacterial titer, N, present at the same 
instant. The specific rate, R, of the process measured is the 
product of the slope of the resulting line and the growth rate 
constant, k, 1.e. R = kdS/dN, and thus has the units of moles 
metabolized per hour per bacterium. 

In the system studied here, it was found that deamination and 
nucleoside cleavage results in the formation of materials which 
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accumulate in the growth medium as rapidly as their extracel- 
lular precursor disappears from the medium, 1.e. neither intra- 
cellular accumulation nor incorporation is quantitatively im- 
portant. This circumstance allows the kinetic treatment to be 
applied to the intermediates as well as the initial reactant, and 
therefore, allows the simultaneous measurement of the rates of 
successive reactions. 


METHODS 


Cultures of Escherichia coli strain B were grown aerobically 
at 37° in either of two mineral salts media. One contained so- 
dium lactate as the sole source of carbon (9) and the other, desig- 
nated as M-9 (10), contained glucose as the sole source of carbon. 
A fresh inoculum was prepared for each experiment by inoculat- 
ing a tube of the proper medium from a refrigerated slant and 
incubating it under the test conditions. At an appropriate titer 
the exponentially growing inoculum was centrifuged and the cells 
resuspended in warm medium of the same composition as used 
previously. When exponential growth was established in the 
test culture, substrate was added and the kinetic measurements 
were made. Bacterial titers were estimated at 10-minute inter- 
vals from optical density measurements at 400 my employing a 
calibration curve relating optical density to number of viable 
cells. 

Assay Procedures—At the times indicated (usually 5-minute 
intervals) aliquots of the test culture were passed through a 
syringe fitted with a Swinney adapter carrying a membrane fil- 
ter (Millipore Filter Corporation, HA, 450 my diameter pore 
size). The ultrafiltrates were assayed by the differential spec- 
trophotometric methods of Kalckar (11). Spectrophotometric 
measurements were carried out with a Beckman model DU spec- 
trophotometer equipped with a photomultiplier attachment. 
Concentrations were calculated from the equation OD = eCb 
where OD is optical density, C is molar concentration, and b is 
1.0 cm. 

Optical densities of the filtrates were measured at three wave 
lengths for the ribonucleoside system; one at each of the two isos- 
bestic points of inosine and hypoxanthine (Table I) and the third 
measurement was made at 292 mu. The change in optical den- 
sity at the twe isosbestic points is a measure of the adenosine 
deaminase activity since the nucleoside cleavage results in no 
change in optical density at these wave lengths. In the deoxy- 
ribonucleoside system, control measurements were made at 
252.5, 280, and 292 mu. In addition, measurements were made 
at a single HDR'-hypoxanthine isosbestic point (265 my) since 


1The abbreviation used is: HDR, hypoxanthine deoxyribo- 
nucleoside. 
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deamination results in little change at the other isosbestic point. 
A change in optical density measured at 252.5 my is a measure 
of the cleavage reaction as well as the incorporation reaction since 
this is the deoxyadenosine-HDR isosbestic point. Data at this 
wave length were not used for the calculation of kinetic rates, but 
serve as a control in each experiment that incorporation is negli- 
gible compared to deamination. The molar extinction coeffi- 
cients (€) at the wave lengths of isosbestic points in each medium 
are presented in Table I. Molar extinction coefficients were 
based on € values reported in the literature (11, 4, 13). 

The extent of the cleavage reaction was determined by the ad- 
dition of xanthine oxidase to an aliquot of the ultrafiltrate and 
measuring the increase in optical density at 292 my due to the 
conversion of hypoxanthine to uric acid (12). The inosine or 
HDR concentrations were calculated by difference when the 
incorporation of ultraviolet-absorbing material could be neg- 
lected. 

Ultrafiltrates were chromatographed on Whatman No. 3 MM 
filter paper in either 86% n-butanol-14% ammonia water (2.5% 
ammonia) (14) or in 25% water saturated n-butanol-25% water 
saturated ethyl acetate-50% morpholine (15). Samples of ribo- 
nucleosides were developed descending in the first solvent sys- 
tem and the deoxyribonucleosides were run ascending in the lat- 
ter solvent system. The ultraviolet-absorbing materials were 
detected and photographed with a 2537-A lamp and the deoxy- 
ribonucleosides were visualized also by spraying with cysteine- 
sulfuric acid reagent (16). 

Materials—All ribonucleosides, deoxyribonucleosides, and 
purines were purchased from the California Foundation for Bio- 
logical Research and used without further purification. Xan- 
thine oxidase was obtained from Worthington Biochemicals as a 
suspension in saturated ammonium sulfate. The enzyme was 
diluted appropriately with distilled water and stored at —20°. 
Deoxyribose was prepared by hydrolyzing deoxyadenosine in 0.01 
m HCl for 10 minutes (17) at 100° and chromatographed without 
removal of adenine. | 


RESULTS 


Sequence of Reactions—The conversion of added adenosine into 
extracellular inosine and the conversion of inosine into extra- 
cellular hypoxanthine in the presence of cells growing exponen- 
tially in lactate medium are clearly indicated on the chromato- 
graph presented in Fig. 1. From a culture to which 34.7 umoles 
of adenosine had been added, millipore filtrates were prepared at 
the times indicated and aliquots were chromatographed as de- 
scribed under “‘Methods.” The Rp values found for inosine, 
hypoxanthine, and adenosine (0.03, 0.11, and 0.24, respectively) 
are in excellent agreement with those reported for this solvent 
system (14). Adenosine is seen to disappear gradually until it 
is essentially gone after 70 minutes of incubation. Inosine and 
hypoxanthine appear in the medium almost simultaneously. 
However, the level of inosine reaches a maximum after 70 min- 
utes of incubation, and it decreases thenceforth. On the other 
hand, hypoxanthine accumulates in the ultrafiltrates continu- 
ously throughout the experimental period. It is important to 
note that inosine, hypoxanthine, and adenosine are the only ul- 
traviolet-absorbing materials appearing on the paper chromato- 
graph. Adenine was excluded as an extracellular intermediate 
in the conversion of adenosine to hypoxanthine by these chroma- 
tographic results and also from the failure of growing cells to 
deaminate added adenine. 
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TABLE I 


Molar extinction coefficients of purine derivatives at 
tsosbestic points 


Compound Compound 
255 mp |267 255 mu 
Adenosine 13.32® |12.15)14.05°|10.06) Adenosine |12.04/12.99 
Inosine 9.87 5.07) 9.85 | 4.00; HDR 12.04) 5.88 
Hypoxan- | 9.91 5.09) 9.85 | 4.00} Hypoxan- |10.45) 5.89 
thine thine 


* All molar extinction coefficients are to be multiplied by 10°. 
> Presumably these differences are medium effects and not pH 
effects. 


An analogous sequence of reactions can be demonstrated chro- 
matographically when the experiment is conducted with deoxy- 
adenosine in glucose medium. Deoxyadenosine continuously 
disappears for the first 70 minutes of the experimental period 
until it is essentially absent extracellularly. HDR is detected 
as a transient intermediate, and hypoxanthine accumulates as 
the final extracellular product in the presence of growing cells. 
Free deoxyribose could not be detected at any time during the 
course of the experimental period by spraying the developed chro- 
matograph with cysteine-sulfuric acid reagent. Acid-hydrolyzed 
deoxyadenosine, however, did yield a spot with an Ry of 0.90 
when chromatographed at the concentration of the deoxyribo- 
sides in the ultrafiltrates. Adenine was not detected as an in- 
termediate in the deamination of deoxyadenosine by growing 
cells. 

Stoichvometry—Fig. 2 shows the kinetics of the conversion of 
adenosine to inosine and hypoxanthine by exponentially growing 
E. coli B. Note that the concentration of metabolite is plotted 
against the number of viable bacteria present at the time as well 
as the time at which the sample was passed through the milli- 
pore filter. Aliquots of these same ultrafiltrates were chroma- 
tographed in Fig. 1. Reincubation of the ultrafiltrates for 1 
hour results in no further change in optical density. Therefore, 
the enzymatic activities are associated with the cells and fur- 
thermore, the cells are effectively removed from the sample by 
ultrafiltration. 

At the end of the experimental period when no adenosine can 
be detected chromatographically; the amount of inosine and 
hypoxanthine present extracellularly accounts for 98.5% of the 
adenosine added initially. Other experiments (see below) show 
that there is a slight uptake of hypoxanthine by the cells. It is, 
however, negligible when compared to the extent of the nucleo- 
side deaminase and cleavage activities. The same stoichiometric 
relationship is maintained at ;1, the initial adenosine concentra- 
tion used in this experiment. Subsidiary experiments demon- 
strated that no significant amounts of endogenous ultraviolet- 
absorbing materials are released from exponentially growing cells 
in either medium over the complete range of bacterial titers used. 
The maintenance of stoichiometry over the course of deamina- 
tion and cleavage indicates: (a) extracellular inosine and hy- 
poxanthine are the only ultraviolet-absorbing materials formed 
from adenosine, (b) no appreciable amount of any of the three 
metabolites is held up in the cells in the course of the experimental 
period, and (c) the purine base remains intact in the presence of 
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Fic. 1. Chromatograph of adenosine (AR) _ conversion. 
Thirty-five ~zmoles of adenosine were added to a culture of E. coli 
strain B growing exponentially in 100 ml of lactate medium. At 
the times indicated ultrafiltrates were prepared and aliquots of 
0.2 ml were spotted on Whatman No. 3 MM filter paper along with 


MINUTES 


#MOLES OF ULTRA-VIOLET ABSORBING MATERIAL 


| | | 
0.75 1.25 
NUMBER OF BACTERIA x107'° 


Fic. 2. Kinetics of the conversion of adenosine (AR) by ex- 
ponentially growing E. coli strain B. The concentration of adeno- 
sine, and the sum of the concentrations of inosine (HXR) and 
hypoxanthine (HX) were determined by the differential spectro- 
photometric method. The concentration of hypoxanthine was 
determined by the xanthine oxidase assay and the concentration 
of inosine was calculated by difference. Numbers in parentheses 
indicate the specific rate X 107-15 mole X hr.-! X bacterium™!. 
These were calculated as indicated in the text from the slope of 
the line tangent to the curve at 0.9 X 10!° or at 1.35 K 10!° bac- 
teria and the growth rate constant (0.49/hours) observed in this 
experiment. The ordinate and abscissa represent total umoles of 
material and total number of bacteria in the 100 ml culture, re- 
spectively. 
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70 89 100 HXR HX. 


authentic samples of inosine (HXR), hypoxanthine (HX), and 
adenosine. The chromatograph was developed for 16 hours with 
86% n-butanol-14% ammonia water (2.5% NHs;), and the spots 
were photographed under ultraviolet light. 


growing cells. The fate of the amino group arising by means of 
deamination and the ribose moiety resulting from cleavage were 
not determined. 

Kinetics—After an initial lag in deamination of approximately 
10 minutes, adenosine (Fig. 2) is deaminated in a linear manner 
when plotted against the bacterial titer. Note that bacterial 
growth continues exponentially without lag throughout the en- 
tire experiment. The rate of adenosine deamination per cell 
continues constant (see Fig. 2) until the adenosine level ap- 
proaches the lower limit of precision in this experiment (about 
1 X 10-5). In view of the stoichiometry presented above, 
the specific rate of disappearance of adenosine must equal the 
specific rate of inosine appearance plus the specific rate of appear- 
ance of hypoxanthine, 7.e. —kd(adenosine)/dN = kd(inosine)/dN 
+ kd(hypoxanthine)/dN. The rates shown in Fig. 2 were cal- 
culated from the slopes of tangents drawn to the three curves 
at 0.9 < 10'° and at 1.35 x 10! bacteria, and indeed are con- 
sistent with this hypothesis. This consistency was found during 
the first phase when adenosine was rapidly deaminated as well 
as during the second phase when adenosine was virtually absent. 
The internal agreement among the rate calculations substanti- 
ates the reliability of the experimental techniques used to obtain 
the kinetic data presented. 

Although differences between the activities in vivo and in vitro 
can well be expected (18, 19), the nature of the rate dependence 
of deamination on substrate concentration was studied in order 
to compare the intracellular enzymes with the deaminase activ- 
ity in broken cell preparations. The data obtained from a series 
of kinetic experiments in which the initial deoxyadenosine con- 
centration ranged from 7.13 10-5 m to 94.5 10-5 are 
presented in Table II. In each of the eight experiments the 
change in substrate concentration is linear when plotted against 
the number of bacteria in the culture at the time of assay (as in 
Fig. 2). A specific rate independent of substrate concentration 
is established after a short reaction lag (less than 3 minutes) and 
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continues until the deoxyadenosine concentration falls to a level 
approaching the sensitivity limit of the assay method. The 
specific rate of deamination is essentially constant over a 13-fold 
change in initial substrate concentration. In fact, the coefficient 
of variation of & for the eight experiments is less than 5% of the 
mean rate.?, Hence, the rate of deamination of deoxyadenosine 
is independent of substrate concentration between 94.5 x 10-5 
m and about 10-5 m. 

The mean growth rate constant for the eight experiments is 
essentially the same as that of a culture grown under the same 
conditions in the absence of deoxyadenosine. The variation in 
growth rates among experiments can be attributed to day to day 
variation in the experimental growth conditions. The two ex- 
periments with the lowest values of k were conducted at 35° in- 
stead of at the usual 37°. Bacterial titers were routinely per- 
mitted to increase 2- to 3-fold during the course of a kinetic 
experiment. 

As indicated above, R is computed as the product of the ex- 
perimentally determined quantities k and AS/AN. The coeffi- 
cients of variation of both of the experimental parameters are 
seen to be considerably greater than that of R, indicating that 
k and AS/AN are positively correlated. 

An analogous, although less extensive, series of experiments 
was conducted with adenosine in glucose medium (see Table III). 
In any one experiment, the change in substrate concentration is 
linear when plotted against the number of bacteria as in the 
deoxyadenosine system. However, the initial reaction lag is 
slightly longer (5 to 8 minutes) in the adenosine system and the 
specific rate of deamination is slightly slower than the specific 
rate of deoxyadenosine deamination. 

Influence of Carbon Source—Since glucose is known to inhibit 
adaptive enzyme formation (20-22) kinetic experiments were 
conducted in a nonglucose-containing medium (sodium lactate) 
so as to study adaptive phenomena. The kinetic data obtained 
over a series of initial adenosine concentrations ranging from 
2.83 X 10-'m to 7.35 X 10-5 M are presented in Table IV. The 
specific rate of deamination of deoxyadenosine is less in lactate 
medium than the rate of deamination measured in glucose me- 
dium. Again, the slopes of the S versus N plots at each initial 
concentration were linear subsequent to an appreciable (10 to 15 
minutes) initial lag in reaction and down to substrate levels ap- 
proaching the sensitivity of the spectrophotometric technique. 
Therefore, any adaptive phenomena are not manifest during the 
2-fold increase in bacterial titer which occurs in the course of a 
single experiment. However, the specific rate of adenosine de- 
amination in lactate medium appears to be dependent on the 
initial substrate concentration in a series of experiments con- 
ducted at various initial adenosine concentrations. In addition, 
the growth rate constant and AS/AN also show a positive corre- 
lation with the initial substrate concentration which is not ob- 
served when adenosine deamination is measured in glucose me- 
dium (Table ITI). 

The results obtained in Experiments 4a and 4b (Table IV) dem- 
onstrate that some kind of an adaptive response takes place 


? The experimental error within experiments is extremely diffi- 
cult to assess. A least squares regression of the S versus N plot 
requires that one of the coordinates be free of experimental error 
and further, that the deviations of the other variable change in a 
predictable manner. These conditions cannot be satisfied since 
both S and N are experimentally determined quantities and the 
precision with which each can be measured, particularly S, 
changes during the experimental period. 
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TaBLe II 
Kinetics of deoryadenosine conversion in glucose medium 


At zero time a concentrated solution of deoxyadenosine was 
added to a flask containing an exponentially growing culture of 
E. colt strain B, to give the initial substrate concentration indi- 
cated in each experiment, and incubated aerobically at 37°. At 
various times ultrafiltrates were prepared and turbidity measure- 
ments were made. Growth rate constants (k) were determined 
from a plot of the logarithm of cells per ml versus time. Specific 
rates (R) were calculated from the slope of a plot of S versus N 
for each experiment as in Fig. 2. In all cases the plots yielded 
straight lines with no initial lag. | 


Initial 
| k AS/AN —R 
10-5 1075 mole/cell 10-15 mole/(hr. X cell) 
94.5 0.832 5.42 4.51 
84.5 0.790 5.95 4.70 
37.0 0.7242 5.67 4.10 
21.7 0.7172 6.02 4.29 
17.0 0.850 5.06 4.30 
8.65 0.925 4.50 4.16 
7.38 0.876 4.92 4.27 
7.13 0.785 5.62 4.42 
Mean...... 0.824 + 0.071 5.42 + 0.845 | 4.34 + 0.194 
8.8% 16.7% 4.5% 
2 Incubated at 35°. 
> Coefficient of variation. 
TABLE III 


Kinetics of adenosine conversion in glucose medium 


Experiments were conducted as indicated in Table II except 
that adenosine was added at zero time. 


k AS/AN 
10-5 I/hr. 10-15 mole/cell 10-18 mole/(hr. X cell) 
38.5 0.815 4.46 3 64 
15.5 0.865 4.04 3.49 
6.76 0.865 2.39 2.09 
4.80 0.800 3.84 3.07 


TaBLeE 1V 
Kinetics of adenosine conversion in lactate medium 

Experiments were conducted as indicated in Table II except 
that lactate medium and adenosine were employed and a variable 
lag in deamination was observed. See text. AS/AN represents 
the slope of the straight linear portion of the graph after the lag 
had ceased extending to the limit of precision of the optical meas- 
urements. 


Experiment No. | AS/AN 
10-5 l/hr. 10715 mole/cell bar. 

1 2.84 0.585 4.34 2.54 

2 3.34 0.621 4.40 2.74 

32 6.26 0.621 4.94 3.07 

4a 6.68 0.682 5.26 3.56 

4b? 7.35 0.785 5.94 4.66 


@ Inoculum grown in the presence of adenine. 
>’ Inoculum grown in the presence of adenosine. 
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TABLE V 
Kinetics of nucleoside cleavage 

At zero time a concentrated solution of either adenosine, ino- 
sine, or HDR was added to an exponentially growing culture of E. 
coli strain B to give the initial substrate concentration indicated 
in either lactate (lac) or glucose (glu) medium and incubated 
aerobically at 37°. Specific rates of hypoxanthine formation were 
determined in the first three experiments by addition of xanthine 
oxidase and subsequent measurement of uric acid formation, and 
preparing an S verus N plot for each experiment. Nucleoside 
conversion was determined in the last two experiments from sepa- 
rate S versus N plots of data obtained by differential spectropho- 
tometric examination of ultrafiltrates. 


—R R 
cleavage mation 
10-18 mole/ | 10-5 mole 
Adenosine.........| lac 3.42 | 0.621 1.21 
Adenosine?........ lac 3.34 0.641 1.03 
ers lac |! 4.24 | 0.716 | 0.84 0.89 
glu |, 10.7 0.895 1.09 


@ Medium initially 0.045 m in sulfate ion. 


TABLE VI 
Kinetics of purine uptake in lactate medium by exponentially 
growing E. coli strain B 

Experiments were conducted as indicated in Table II except 
that concentrated solutions of hypoxanthine and adenine were 
added to cultures growing in lactate medium. In this instance, 
AS/AN is a measure of the amount of purine incorporated into 
the cells. 


Substrate | as/an -R 

Hypoxanthine........... 4.05 0.564 | 0.138 | 0.076 
3.45 0.612 | 0.143 | 0.089 


with cells growing in lactate medium. The inoculum used for 
Experiment 4b was prepared from the culture obtained at the end 
of Experiment 4a, i.e. from cells exposed previously to adenosine. 
If the specific rate of deamination is calculated on the basis of 
the rate dependence (0.41 order) on initial substrate concentra- 
tion found in Experiments 4a, 2, and 1, a value of 3.73 « 10-% 
mole hr.~? X cell is predicted for Experiment 4b. However, a 
specific rate some 41% greater (4.66 * 10-15) was actually ob- 
served with cells exposed previously to adenosine. The 10- to 
15-minute reaction lag regularly observed in adenosine deamina- 
tion measured in lactate medium was reduced to less than 2 
minutes by preincubation of the inoculum with adenosine. Ex- 
posure of the cells to adenine before the addition of adenosine 
does not increase the specific rate of adenosine deamination, in 
fact, the rate of deamination as well as k obtained in Experiment 
3 are decreased. This result is in contrast to the observation of 
Koch and Vallee (6) who found a 10-fold increase in deaminase 
activity in extracts prepared from cells grown in the presence of 
adenine. The initial lag in reaction is, however, considerably 
shortened by growth of the bacteria in the presence of adenine. 
Nucleoside Cleavage—In Table V it is seen that the specific 
rate of cleavage of either the ribo- or deoxyribonucleosides is 
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about one-third the specific rate of deamination of the aminated 
precursors at comparable substrate levels. The reaction pro- 
ceeds whether the substrate arises endogenously, as when aden- 
osine or deoxyadenosine are added to the culture initially or 
exogenously, as when inosine or when HDR are added initially, 
The specific rate of cleavage appears to be slightly faster when 
adenosine is supplied as the initial substrate. It is important to 
note that when inosine is the substrate the rate of formation of 
hypoxanthine decreases when the substrate concentration falls to 
approximately 5 x 10-*m. Further evidence is discussed below. 

Since both a phosphorolytic and hydrolytic nucleoside cleavage 
activity are present in extracts of E. coli, the question as to the 
mechanism of the cleavage studied in vivo must be raised. Since 
inosine and HDR are attacked at the same rate in vivo whereas 
the hydrolase is specific for inosine, it appears that the cleavage 
is nonhydrolytic. This idea was tested by attempting to inhibit 
the system in vivo with 0.045 m sulfate. Previously, it was shown 
that the phosphorolytic reaction is completely inhibited by 0.001 
M sulfate ion (6). The data presented in Table V indicate that 
high sulfate levels have no significant effect on the specific rate 
of hypoxanthine formation from adenosine. The lack of inhibi- 
tion of the cleavage may be due to the failure of sulfate ions to 
reach the site of enzymatic activity, although, Roberts et al. (10) 
have shown that E. coli is freely permeable to sulfate.* 

Removal of Hypoxanthine from Growth Medium—The hypo- 
xanthine resulting from the cleavage of inosine or HDR in the 
presence of growing cells disappears from the growth medium 
at a rate many fold less than its rate of formation. The direct 
measurement of the specific rates of uptake of hypoxanthine 
and adenine by exponentially growing cells presented in Table 
VI were obtained by following the decrease in ultraviolet-absorb- 
ing material with the increase in bacterial titer. The specific 
rate of uptake of adenine is only slightly faster than that of hypo- 
xanthine. No hypoxanthine was detected in the ultrafiltrates 
prepared from the culture metabolizing adenine. 

Isotope Kinetics—The nature of the rate dependence at an 
extremely low substrate concentration for the deamination and 
the cleavage reactions in growing cells was determined in the 
experiment described in Table VII. It can be seen that after 
80 minutes of incubation, approximately 20% of the adenosine 
added initially was deaminated and accumulated in the medium 
as inosine. Essentially none of the inosine was cleaved. When 
all the adenosine was deaminated (after 154 minutes of incuba- 
tion) it was all recovered as inosine. This result shows that 
deamination proceeds at an extremely low external substrate 
concentration but that the extent of the cleavage reaction is 
greatly diminished. 


DISCUSSION 


The sequence of reactions whereby adenosine and deoxyaden- 
osine are converted to hypoxanthine in the presence of expo- 
nentially growing cells is consistent with the substrate specificity 
of the adenosine deaminase and nucleoside phosphorylase present 
in crude extracts of these cells (6). The identity of each of the 
reaction products accumulating in the presence of growing cells 
has been established paper chromatographically by comparison 


3 After this paper was submitted for publication, it was found 
(Vallee and Koch, unpublished results) that the sulfate ion in- 
hibits the arsenolysis of deoxyadenosine much more effectively 
than adenosine. Since in this experiment adenosine was the sub- 


strate, little influence of sulfate could be expected. 
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with authentic materials and by examination of their ultraviolet 
absorption spectra. The identity of hypoxanthine as the final 
extracellular product was further confirmed by its conversion to 
uric acid by xanthine oxidase. 

The velocity of deamination of either adenosine or deoxyaden- 
osine is approximately 3 times the rate of cleavage of either 
inosine or HDR. The rate of incorporation of hypoxanthine 
is one-thirteenth as rapid as the cleavage reaction. These rates 
account for the successive accumulation of both the deaminated 
nucleosides and hypoxanthine. The fact that these intermedi- 
ates are accumulated almost quantitatively in the extracellular 
phase can be explained as follows. The volume of the bacteria 
in a culture containing 5 X 10’ per ml is of the order of 9-00 
the volume of the medium, and therefore, the intracellular con- 
centration of metabolites must increase 1000-fold over the ex- 
ternal concentration before deviations from stoichiometry could 
be observed. 

The rate of uptake of hypoxanthine or adenine from the me- 
dium is sufficient to supply all the purines required by the newly 
formed cells for the synthesis of nucleic acids. In fact, the 
amount of purines taken up per bacterial cell (AS/AN) agrees 
very well with the purine content of an exponentially growing 
cell, 7.e. 10-1* mole of purine per bacterium (8). It would ap- 
pear that the nucleosides are metabolized to hypoxanthine which 
is then used for nucleic acid synthesis in preference to purines 
synthesized de novo (23). 

The failure of growing cells to accumulate hypoxanthine in 
the medium when exposed to adenine is contrary to the findings 
of Friedman and Gots (3) with resting cells. The discrepancy 
between the result obtained here and that in resting cells can be 
rationalized by assuming that the rate of deamination of adenine 
is no greater than the rate of incorporation of adenine into grow- 
ing cells. Although the amino group of adenine equilibrates 
with the nitrogen pool of the cell and adenine is a precursor of 
nucleic acid guanine (24), it is probably the case that adenine 
itself is not deaminated in growing cells since deamination cannot 
be demonstrated in vitro (6) or in vivo. 

The question of the identity of the activities measured in the 
whole cells and the activity in the crude extracts can be ap- 
proached from a consideration of the kinetic properties in both 
systems. The discussion is confined to a consideration of aden- 
osine deaminase since kinetic data for the nucleoside phos- 
phorylase in vitro are not available. The specific rates of de- 
amination of adenosine and deoxyadenosine show no dependence 
on substrate concentration over the levels tested (in glucose 
medium) and may be considered, therefore, as measures of the 
maximum velocity of deamination. The maximum velocities 
reported for adenosine and deoxyadenosine deamination in ex- 
tracts of cells grown on lactate (6) are 3.41 X 10-'5 and 2.22 x 
10-45 mole < hr.-! X cell-! for adenosine and deoxyadenosine.* 
The maximum specific rates of adenosine and deoxyadenosine 
deamination obtained for cells growing on glucose medium are 
3.07 and 4.34 & 10-15 mole xX hr.-! X cell-!, respectively. Note 
that the magnitudes of the rates of deamination in vitro and in 
vivo are comparable, although they are inverted with regard to 
substrate. It is difficult to compare the data obtained in lactate 
medium since the rate of deamination depends somewhat on the 
initial substrate concentration. However, the maximal specific 


‘Since 16% of the protein present in the cells was extracted, it 
has been assumed that the loss of adenosine deaminase activity 
is directly proportional to the loss of protein on extraction. 
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TaBLeE VII 


Metabolism of low level of adenosine by exponentially 
growing E. coli strain B 


Adenosine-8-C™ (sp. act. of 1.29 X 10’? c.p.m. per umole) was 
added to a culture of E. coli strain B growing exponentially in lac- 
tate medium such that the initial adenosine concentration was 
6:20 X 10-° m and the initial titer was 1.81 X 10* bacteria per ml. 
The bacterial titer was determined by viable plate counts during 
the course of the experiment. After 80 minutes of incubation at 
36.5°, 10 ml of culture were harvested on a membrane filter and 
carrier adenosine, inosine, and hypoxanthine were added to the 
ultrafiltrate. After addition of xanthine oxidase to the filtrate 
the compounds were separated on a Dowex 1 column. The re- 
maining 9.5 ml of the culture were treated as above after a total 
of 154 minutes of incubation. Percentage recoveries are based 
on recovery of added carrier after ion exchange chromatography. 
C.p.m. were corrected for background and total c.p.m. were cor- 
rected for percentage recovery and aliquot size. Fiducial limits 
were calculated at 95% confidence level. 


Time Titer Compound : beer pt _during activi 
isolation initinily 
min. X 103/ml c.p.m, % % 
0 1.81 | adenosine 1593 + 18.4 100.0 
80 3.43 | adenosine 364.3 + 3.1 79.0 57.7 
inosine 123.3 + 2.0; 84.5 18.4 
hypoxanthine 2.6 + 0.7} 90.0 0.38 
cells 3.42 0.38 
154 5.0 inosine 625.4 + 9.4] 83.0 99.3 
hypoxanthine 3.6 + 3.2| 61.0 0.75 
cells 5.44 0.63 


* Error in the net counting rate was not calculated because the 
amount of self-adsorption was not determined. 


rates obtained in lactate medium are comparable to the maxi- 
mum velocities measured in glucose medium and in cell-free 
extracts. 

The K,, for adenosine deamination in extracts is reported as 
1.3 m and for the deoxyadenosine as 3.24 10-5 (6). 
These values are within the sensitivity of the spectrophotometric 
assay technique used on the growing cell system. However, no 
change in the velocity of deamination of either substrate could 
be detected at substrate levels as low as 1 K 10-5 m. In the 
experiment described in Table VII, the rate of deamination of 
radioactively labeled adenosine was measured at an initial con- 
centration of 6.2 x 10-9 m. The specific rate of deamination 
was greater than 1 X 10-!® mole X hr.-' X cell-! even though 
the initial substrate concentration was 5000-fold less than that 
used in the spectrophotometrically assayed experiments. This 
result indicates that the apparent affinity constant for deamina- 
tion of nucleosides measured in growing cells is very much smaller 
than that measured in extracts. This fact can be readily ex- 
plained on the assumption of an active process bringing the sub- 
strate across the cell’s permeability barrier. By the same cri- 
teria, the substrate for the cleavage reaction appears to enter 
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the cells by means of a passive process as distinguished from the 
active transport of adenosine. 

Two adaptive effects were noted in lactate medium. First, 
no deaminase activity occurs initially, even though the enzyme 
can be demonstrated in cells grown in the absence of nucleosides. 
Deamination commences after a 15 minute lag in the presence 
of adenosine or it commences immediately if the cells have been 
exposed previously to adenosine or adenine. These findings sug- 
gest, again, the formation or the activation of a transport system. 
The second adaptive effect is that the specific rate of deamina- 
tion, after the reaction lag, is dependent on the substrate level 
and on the conditions under which the inoculum was grown. 
However, during each experiment the specific rate is constant 
and further, the rate in lactate medium is less than that observed 
in glucose medium. These observations, together with the ob- 
served depression in the rate of deamination in cells grown in 
adenine, which should have had a 10-fold increase in deaminase 
level (6), suggest that the rate of deamination is limited by the 
transport system and not necessarily by the level of enzyme in 
the cells. ; 

In view of the fact that adenosine, but not ribose will support 
growth, it is probable that adenosine is serving as a supplemen- 
tary source of carbon and is, thereby, increasing the rate of 
growth. The observed correlation of the growth rate constant 
and the rate of deamination do not indicate that the deaminase 
activity is limiting growth, since inosine accumulates in the 
medium in all cases. The correlation is, therefore, either fortu- 
itous or the deaminase is involved in the metabolism of inosine 
in some as yet unexplained way. 

The nucleoside cleavage reaction measured in growing cells is 
probably phosphorolytic, although the system in vivo is not in- 
hibited by sulfate ion as is the nucleoside phosphorylase in vitro.’ 
The cleavage of deoxyadenosine by resting cells has been found 
to result in the accumulation of deoxyribose in the medium (4), 
however, no deoxyribose accumulates from deoxyadenosine cleav- 
age in the presence of growing cells. Ribose does not accumulate 
in the suspending medium in the presence of resting cells (1, 21), 
nor does ribose or a phosphate derivative of it accumulate in the 
medium in the presence of growing cells. Methods were ade- 
quate to detect much less of the sugar than that derived by 
cleavage of the inosine present in our experiments. 


SUMMARY 


1. Adenosine or deoxyadenosine added to a culture of expo- 
nentially growing Escherichia coli strain B is converted to extra- 
cellular inosine or hypoxanthine deoxyriboside. Either of these 
are then converted to hypoxanthine which also accumulates in 
the growth medium. Hypoxanthine is subsequently incorpo- 
rated into bacterial nucleic acids. The enzymes involved are 
intracellular. 

2. The specific rate of nucleoside deamination observed in 
growing cells agrees quite well with the maximum velocity of 
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deamination determined in cell-free extracts (4.34 * 10-15 mole 
< hr.-! X cell-!). However the, apparent affinity constant for 
either adenosine or deoxyadenosine deaminase activity in intact 
growing cells is at least a thousand fold less than that determined 
in extracts. 

3. The specific rate of inosine cleavage is about 3 that of de- 
amination and appears to decrease at 5 X 10-® m inosine. 

4. Hypoxanthine is incorporated at 3}, the rate of nucleoside 
cleavage. This rate accounts for the formation of nucleic acid 
purines required for growth if synthesis de novo is completely 
repressed. 

5. In lactate medium there is a lag before adenosine deamina- 
tion commences. The rate of deamination depends on the ini- 
tial substrate concentration but is independent of the instantane- 
ous substrate concentration. These findings, together with 
others, support the concept of an active transport mechanism. 

6. Adenine is incorporated at the same rate as hypoxanthine 
and without the intermediate formation of extracellular hypo- 
xanthine. 
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We have been interested in the fate of nucleotides utilized from 
the medium by growing or virus-infected Escherichia coli. Our 
studies of the virus-induced acquisition of deoxycytidine 5’-phos- 
phate hydroxymethylase and of thymidylate synthetase (1-3) 
and the separation of induction of the two enzymes (4) has led 
to the possibility of the existence in viral deoxyribonucleic acid 
of separable polynucleotide sequences. Conceivably a single 
specific deoxyribonucleic acid fragment might be isolated and 
applied exogenously to E. coli to induce the formation of a single 
enzyme under appropriate conditions. 

In addition, in studies of the mechanism of inhibition of bac- 
terial growth and multiplication by the antitumor agent, 5-flu- 
orouracil, and its derivatives, we demonstrated that a lethal 
thymine deficiency can be provoked in bacteria (5, 6). The 
thymine deficiency arises from the inhibition of thymidylate 
synthetase by the deoxynucleotide, 5-fluorodeoxyuridylate (7). 
In these experiments the 5-fluorouracil deoxyribonucleoside 
added to the growth medium was converted to the corresponding 
nucleotide in the test organism, FE. coli. Since the actual in- 
hibitor is a nucleotide in bacteria and apparently in tumor cells 
as well (8), it was of interest to know whether exogenously sup- 
plied nucleotides could penetrate into intact cells. 

For many years it has been thought that nucleotides and other 
phosphorylated compounds do not enter cells. Obvious excep- 
tions to this generalization are the incorporation of transforming 
DNA into bacteria and the existence of nutritional requirements 
for phosphorylated compounds in some organisms. It has been 
shown that E. coli actively dephosphorylates exogenously sup- 
plied nucleotides (9). However these earlier studies on the pos- 
sible incorporation of nucleotides labeled with P*? were carried 
out under conditions now known to be unfavorable (9). The 
experiments had been designed to minimize dilution of P* re- 
leased by a phosphatase, by keeping inorganic P*! at a very low 
concentration in the medium. Since it is now clear that the ab- 
sence of inorganic P in media containing organic P provokes the 
development of a powerful phosphatase in E. coli (10), it was 
possible that E. colt grown under conditions in which the phos- 
phatase was not induced could incorporate intact nucleotides. 

In approaching this problem we have used a uracil-requiring 
bacterium in competition experiments, feeding uracil-2-C4 and 
unlabeled nucleotide in an inorganic medium containing large 
amounts of inorganic phosphate. Glucose was the sole source 
of carbon for compounds other than pyrimidines. It had pre- 
viously been demonstrated that the organism is completely 
blocked in the biosynthesis of uracil and that in such competition 


so * This research was aided by a grant from the Commonwealth 
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experiments the pyrimidine of fed deoxycytidine equilibrates 
completely with fed uracil-2-C™ in the synthesis of nucleic acid 
(11). In the present experiments it was observed that fed de- 
oxycytidylate did not so equilibrate with fed uracil. The de- 
oxycytidylate was selectively used for thymidylate synthesis 
(12). We have explored the nature of this unusual pattern of 
utilization of the nucleotide compared to the nucleoside in some 
detail. 

In addition we undertook to see if a nucleotide of diminished 
charge such as the methyl ester of deoxycytidylate could pene- 
trate bacteria in a variety of experimental conditions. 


EXPERIMENTAL 
Biological Systems 


The uracil-requiring mutant of E. coli, strain B,-, as well as 
the parent strain B have been used (11). The growth was fol- 
lowed turbidimetrically and multiplication was followed by 
plating of the organisms: these procedures have been described 
(11), as have been the sensitivities of the organisms to virus in- 
fection. The mineral medium supplemented with glucose has 
been defined (13) as well as the uracil requirement of strain B,- 
(11). 

In an initial experiment designed to test the ability of strain 
B,- to metabolize the various competitors which were to be 
used, the organism was grown in the presence of limiting uracil 
to 2 to 3 X 108 bacteria per ml, at which point the turbidity re- 
mained constant. The new substrates were then added to the 
culture and growth was followed turbidimetrically. It can be 
seen in Fig. 1 that the mass doubling time was about 75 to 80 
minutes in the presence of uracil or deoxycytidine, and about 160 
minutes in deoxycytidylate. The organism did not grow appre- 
ciably in the absence of uracil or in the presence of deoxycytidyl- 
ate methyl ester. The mechanism by which deoxycytidylate 
was metabolized to fulfill the entire pyrimidine requirement for 
strain B,- is not established in these experiments. It does ap- 
pear that if the organism grown as described above contains a 
phosphomonoesterase, it is not active enough to permit the max- 
imal rate of growth, as observed with deoxycytidine. This 
experiment does show that the bacterium does not contain sig- 
nificant amounts of a phosphodiesterase, active on deoxycyti- 
dylate methyl ester, when grown under these conditions. 

In experiments studying nucleotide utilization during growth, 
the competing metabolite was present in the test system for ap- 
proximately one division in from 4 to 8 x 10* bacteria per ml. 
To set up these test systems the cells were handled in one of sev- 
eral ways: (a) they were grown in the presence of uracil-2-C 
and unlabeled competitor was added at a turbidity equivalent 
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NO ADDITION 
dCMP-METHYL 
ESTER 


40- 


TURBIDITY 


| 2 3 4 5 6 7 
HOURS 
Fic. 1. Growth of £. coli strain B,- initially on uracil until the 
exhaustion of this pyrimidine. Other compounds were then added 
at arrow, and growth was measured turbidimetrically. Deoxy- 
cytidine is abbreviated as CDR. 


10 


to about 3 x 108, or (b) the bacteria were grown in the presence 
of unlabeled uracil, washed, and resuspended in media containing 
labeled uracil and unlabeled competitor at a defined molar ratio, 
or (c) the bacteria were grown in the presence of unlabeled uracil 
and labeled competitor was added. In all these experiments 
organisms were harvested during exponential growth and nucleic 
acid bases were isolated as will be described below. 

In comparable experiments on phage multiplication in such 
systems, the bacteria were grown to 3 to 4 X 108 in media con- 
taining unlabeled uracil. They were washed and resuspended in 
labeled uracil and competitor at a defined molar ratio, and in- 
fection was established with T6r*+ bacteriophage (13) at a virus 
to cell ratio of 5 in mineral media containing 50 yg of pL-trypto- 
phan per ml as adsorption cofactor and 3 mg of glucose per ml. 
The increment in DNA in the infected culture was estimated 
after 3 hours and the system was permitted to lyse. Virus was 
isolated and purified by two cycles of differential centrifugation. 


Chemicals 


Naturally occurring pyrimidines and their nucleotide and 
nucleoside derivatives were purchased from the California Cor- 
poration for Biochemical Research. Uracil-2-C“ (1 me per 
mmole) was obtained from the Isotopes Specialties Company, 
Inc. It was dissolved in solution with suitable amounts of un- 
labeled uracil to prepare uracil solutions of the desired specific 
activity. 5-Fluorouracil, its deoxyribonucleoside, and the chem- 
ically synthesized 5’-deoxyribonucleotide were generously sup- 
plied by Dr. R. Duschinsky of the Hoffmann-La Roche, Inc. 
Dr. Duschinsky and Dr. J. Fox of the Sloan-Kettering Institute 
also supplied 5-fluorocytosine deoxyribonucleoside. 

Fluorocytosine Deoxynucleotide—The enzymatic synthesis of 
5-fluorocytosine deoxyriboside 5’-phosphate from the nucleoside, 
p-nitrophenyl phosphate, and a phosphotransferase from wheat 
germ was carried out essentially as described earlier for 5-hy- 
droxymethyl deoxycytidylate (4). No evidence has been ob- 
tained for the presence of a cytosine nucleoside or nucleotide 
deaminase in the wheat germ system. This reaction has been 
run many times in quantities of 5 to 10 uwmoles and the product, 


Vol. 235, No. 2 


5-fluorodeoxycytidylate, has been isolated in 45 to 77% yield. 
After incubation of the reaction mixture at 30° for 4 hours, it 
was applied directly to paper in a thin streak for chromatography 
in isobutyric acid-0.5 mM ammonium hydroxide (10:6 volume for 
volume). The Rr’s of deoxycytidine, deoxycytidylate, deoxy- 
uridylate, 5-fluorodeoxycytidine, and 5-fluorodeoxycytidylate in 
this solvent were 0.78, 0.39, 0.21, 0.65, and 0.25, respectively. 
The single observable nucleotide, 5-fluorodeoxycytidylate, was 
eluted with water at room temperature. 

The isolated nucleotide was sensitive to a 5’-esterase present 
in the venom of Crotalus adamanteus; this enzyme was inactive 
on a mixture of 2’- and 3’-cytidylates. The 5’-nucleotide had 
an ultraviolet absorption maximum at 290 my at pH 1.0 with a 
molar extinction coefficient at this wave length of 12.1 X 10? on 
the basis of organic phosphate content. Ratios of E0/E 260 in 
acid were 2.7 to 3.0, and 0.52 to 0.57, respectively. The maxi- 
mum at pH 13 was at 281 my; and the molar extinction coeffi- 
cient at that wave length was 8.95; ratios of Es0/E0 and E)/ 
Eg were 1.13 to 1.14 and 1.48 to 1.53, respectively. 

Deoxycytidylate Methyl Ester—This nucleotide was isolated 
after treatment of a methanolic solution of deoxycytidylic acid 
hydrochloride with diazomethane in ether. To 210 umoles of 
dCMP' in 50 ml of methanol was added 0.015 ml of 12.5 n HCl 
and after chilling at 0°, aliquots of 2 ml of an ethereal solution 
of diazomethane containing 830 umoles per ml (14) were added. 
The yellow color disappeared very rapidly until a total of 11.5 
ml (a 45-fold excess) were added, as contrasted to 18 ml when 
the reaction was performed at room temperature. The solution 
was evaporated under reduced pressure and stored over P.O;. 

The mixture was dissolved in 20 ml of 0.01 n NH,OH and 
applied to a column (10 X 1 cm) of Dowex 1-acetate. The mix- 
ture was washed through the column with 0.01 m NH,OH and 
H.O and the column was successively eluted with 0.01 m, 0.03 
M, and 0.1 m acetate buffer at pH 4.2. The filtrates and sub- 
sequent eluates were analyzed in a Gilson fraction collector 
equipped with a continuous measuring device for ultraviolet 
absorption at 253.7 mu. Each fraction was collected in aliquots 
of 5 ml, and fractions with a significant absorption were then 
read in the Beckman spectrophotometer at 280 mu. A 99% re- 
covery of ultraviolet-absorbing material was obtained in the four 
main fractions, as presented in Table I. Each fraction was 
concentrated to about 15 ml and applied to and eluted from char- 
coal, as described by Pontis et al. (15). Elution of the 0.03 m 
fraction, containing the dCMP methy] ester, has yielded approx- 
imately 50 to 70% recoveries of the adsorbed nucleotides. Very 
small amounts (a maximum of 5%) of adsorbed material were 
eluted very early, and were followed by a sharp drop in eluted 
material, after which the major fraction slowly came off the 
charcoal column. Eluates of comparable materials were pooled 
and concentrated to dryness under reduced pressure. 

The various fractions were chromatographed on paper in iso- 
propanol-concentrated NH,OH-H.O (70:5:25) and in isobutyr- 
ate-0.5 m NH,OH (10:16 volume for volume). 

The 0.1 m acetate fraction was found to contain one component 
with the Rp’s of deoxycytidylate and its spectral characteristics 
in acid and alkali. On hydrolysis by a preparation of alkaline 
phosphatase, a compound with chromatographic and spectral 
properties of deoxycytidine was obtained. The parent com- 
pound and dephosphorylated products supported the growth of 


1The abbreviation used is: d in combination with standard 
abbreviations, deoxy. 
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B,- in a manner comparable to dCMP and deoxycytidine, respec- 
tively. It was concluded that the 0.1 m acetate fraction con- 
tained unchanged deoxycytidylate; indeed this would be expected 
to be eluted at this acetate concentration. 

The bulk of the 0.03 m acetate fraction, separated in one peak 
from the charcoal column, contained a single chromatographic 
component, which migrated more rapidly and was less polar 
than deoxycytidylate. Nevertheless, the compound possessed 
ultraviolet absorption characteristics comparable to dCMP in 
acid and alkali. Although it did not support the growth of 
strain B,- directly, treatment with alkaline phosphatase released 
a compound identical with deoxycytidine with respect to paper 
chromatography in several solvents, ultraviolet absorption spec- 
tra, and the ability to be metabolized and to support the growth 
of Z. coli strain B,-. Finally acid hydrolysis with 6 n HCl re- 
leased cytosine. Since the new compound was a less polar anion 
than deoxycytidylate, but gives rise to deoxycytidine on treat- 
ment with a phosphatase, it appeared the substance could only 
be the 5’-phosphomonomethy] ester. 

The fraction eluted in 0.01 m acetate contained a single com- 
ponent, as analyzed by paper chromatography. The substance 
did not support the growth of strain B,- nor did it do so after 
dephosphorylation. Hence the nucleoside portion of the com- 
pound was neither unaltered deoxycytidine nor a 6-aminomethyl 
pyrimidine deoxyribonucleoside, since cytosine nucleosides and 
aminomethyl pyrimidine nucleosides can be deaminated and 
liberated uracil to support the growth of EZ. coli.2 Furthermore 
the pyrimidine liberated by hydrolysis with 6 nN HCI was neither 
cytosine nor 6-aminomethyl-2-oxypyrimidine, possessing chro- 
matographic and spectral properties different from these pyrimi- 
dines. The unknown pyrimidine liberated by acid hydrolysis 
possessed a maximum in its ultraviolet absorption spectrum at 
275 mp at pH 1 and at 294 my at pH 13. It appears possible 
that the derived pyrimidine in the original nucleotide in the 0.01 
m acetate fraction may have been N-methyl cytosine, a com- 
pound whose spectrophotometric properties have not yet been 
described. 

The material which was not retained on the column was a mix- 
ture of at least five substances, of which the major components 
possessed higher Ry values in the isopropanol-NH,OH solvent 
than did either of fractions eluted at 0.01 and 0.03 m acetate. 
It appeared that these substances were esterified on the phos- 
phate and also modified with respect to the pyrimidine moiety. 

Doubly Labeled Pyrimidine Deoxynucleotides—Deoxycytidylate 
and thymidylate, containing C'-pyrimidines and P*, were pre- 
pared by isolating these substances from the DNA of strain B,- 
grown in the presence of uracil-2-C'4 and inorganic P* in a glyc- 
erol-lactate medium, as described by Lehman et al. (16). Uracil- 
2-C'4 was used in the amount of 241 umoles in 1.5 liters of medium 
at a specific activity of 1.55 xX 105 ¢.p.m. per wmole. After 
maximal growth, 90% of the C' and 75% of the P® had been 
taken up by the cells. Isolated (CMP and dTMP were diluted 
by unlabeled nucleotide to between 7,000 and 10,000 c.p.m. per 
umole of pyrimidine. The P*® activity was higher initially to 
allow for radioactive decay in this isotope. At the time of the 
actual experiment on nucleotide incorporation the specific ac- 
tivities of C!* and P® were similar, 7.e. 7,000 and 10,000 c.p.m. 
per umole, respectively, in both dCMP and dTMP. These 
values were obtained in two ways, by a differential counting 
method to be described below and by dephosphorylating the 


? Unpublished data of H. D. Barner and S. 8S. Cohen. 
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TABLE 
Fractions obtained by treatment of dCMP with diazomethane 


Absorption 
Rr maxima 
Fractions Yield! Tubes Conclusions 
1 | 13 
% my my 
1. Filtrate....| 35.| 5-14 | 5 compo-| 276) Contains some 
nents (2) and a 
trace of (3) 
Eluates 
2. 0.01 m Ace- 
tate.....| 13.| 29-33 | 1 compo-} 278 266 Unidentified 
nent (see text) 
0.54-0.66 
3. 0.03 m Ace- 
tate. .... 17.| 77-114} 1 compo- | 279) 271) Deoxycytidy- 
nent late methyl 
0.45-0.50 ester 
4. 0.1 m Ace- 
tate..... 35./127-144| 1 compo- | 280) 270) Deoxycytidy- 
nent late 
0.12-0.23 


nucleotide, followed by the isolation of the deoxyribonucleoside 
and estimation of its radioactivity. 

Estimation of Radioactivity—The C™ of isolated compounds 
was measured in a gas flow counter with samples plated on stain- 
less steel planchets at less than 0.1 mg persq.cm. The counting 
error was less than 5%. 

In compounds containing both P® and C*, dried planchets 
were counted in the presence and absence of a shielding layer of 
Parafilm (13 mg per cm?) which eliminated counts from C" to 
the extent of 99.5% and reduced P*® by approximately one-half. 
The yield of P®? when covered by Parafilm was estimated from 
standards. Parafilm was obtained from the A. H. Thomas 
Company. 

P®? was measured directly in solution with a low voltage M6H 
liquid counter (Ekco, New York), with a Tracerlab Scaler, in 
which C' was not counted. The efficiency of P® counting in 
this system was 9% of that in the gas flow counter. In some 
experiments on the incorporation of doubly labeled nucleotides 
into bacteria, aliquots of the culture were filtered through Milli- 
pore filters which retained the bacteria. The P® of the filtrates 
were counted in the liquid counter, and the bacteria were washed 
on the filters which were dried, placed in the planchets and 
counted with and without the Parafilm cover. It was shown 
that uracil incorporated into 10° bacteria filtered on the Milli- 
pore filters and estimated on these filters as described above 
yielded 42% of the radioactivity observed on direct plating of 
an equivalent amount of uracil. 


EXPERIMENTS 


Utilization of dCM P—Strain B.- was grown in 820 ml of min- 
eral medium containing glucose and uracil-2-C™ at 0.09 umole 
per ml (6,900 c.p.m. per umole) to about 4 x 10* bacteria per 
ml. The cells were chilled and distributed in 4 flasks, each con- 
taining 200 ml of bacterial suspension to which were added (a) 
nothing, (6) 8 umoles of dCMP, (c) 8 umoles of dCMP-methyl 
ester, (d) 8 umoles of the 0.01 m acetate fraction. Growth of 
the cells was continued until the cultures approximately doubled 
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TaBLeE II 
Utilization of dCMP and its methylated derivatives by E. coli B,- 


The bacteria were chilled, centrifuged, and washed in cold 
0.85% sodium chloride solution. The pellets were extracted with 
6.0 ml of cold 5% trichloroacetic acid, 95% ethanol, and absolute 
ethanol. The bacteria were then extracted twice with a 1:1 mix- 
ture of ethanol and ether at 60° and dried in a vacuum over P2Os. 
Each pellet was digested in 2.0 ml of 1.0 Nn KOH at 37° for 18 hours 
and the DNA was precipitated with protein by trichloroacetic 
acid as described by Schmidt and Thannhauser (17). 
in the pellet was extracted three times by heating with 5% tri- 
chloroacetic acid at 90° for 15 minutes. The pooled extract was 
heated to 100° for an hour to decompose the trichloroacetic acid 
and the solution was taken to dryness in a test tube. The residue 
was covered with 0.4 ml of 6 N HCl, the air was replaced with COs», 
and the tube was sealed. Hydrolysis was carried out at 100° for 
3 hours, after which the hydrolysate was taken to dryness. The 
bases were chromatographed on paper in isopropanol-HCl] and 
separated, after which they were successively chromatographed 
separated in n-butanol-H2O, and isopropanol-NH,OH. The py- 
rimidine bases were eluted in H2O, and demonstrated to give satis- 
factory ultraviolet absorption spectra, after correction by sub- 
tracting the eluates of suitable blanks. 

The 2’- and 3’-nucleotides derived from RNA degraded by in- 
cubation in N KOH were isolated by precipitation at pH 7.6 with 
2m AgNO;. The Ag salts derived from each experiment were 
suspended in 20 ml of H:2O in an ice bath and decomposed with 
H.S. The solutions were neutralized and stored overnight in 
the cold, after which Ag»S was removed by centrifugation. The 
nucleotides were taken to dryness, hydrolyzed with 1 ml of Nn 
HCI in sealed tubes at 100° for 1 hour, and chromatographed in 
isopropanol-HCl. Cytidylic acid and uridylic acid were sepa- 
rated and rechromatographed separately and successively in iso- 
butyrate-NH,OH and in isopropanol-HCl. The nucleotides were 
plated and counted. 
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in turbidity, at which point uracil was exhausted from the me- 
dium. Specific radioactivity of the pyrimidines of RNA and 
DNA were determined and are presented in Table II. It should 
be noted that the maximum dilution is 50% since the bacteria 
were grown initially in labeled uracil. 

The results presented in Table II demonstrate that neither 
methyl! derivative of (CMP was used appreciably as a pyrimi- 
dine precursor by E. colt strain B.-. However dCMP was used 
extensively for DNA biosynthesis, filling essentially the entire 
thymine requirement of the organism. Furthermore dCMP was 
used to a markedly lesser extent for DNA cytosine and RNA 
uracil, and essentially not at all for RNA cytosine. 

Comparison of Utilization of Cytosine Derwatwes—A similar 
experiment was performed to compare the utilization of deoxy- 
cytidine, deoxycytidine 5’-phosphate, and cytidine 5’-phosphate 
under identical conditions. It can be seen (Table III) that de- 
oxycytidine supplies pyrimidine almost equivalently to both 
DNA and RNA pyrimidine, whereas dCMP again supplied 80% 
of the thymine requirement for the DNA. On the other hand 
the pyrimidine CMP is used readily for both thymine and cyto- 
sine of DNA. It was also used extensively to provide cytosine 
of RNA, to the extent of almost 3 times the use of the pyrimidine 
for the uracil of RNA. 

Comparison of Utilization of Pyrimidine Nucleotides—The bac- 
teria were grown as described earlier on 0.09 ymole of uracil- 
2-C™% per ml and at the desired turbidity were distributed in 
quantities of 200 ml to several flasks. The competitive pyrim- 
idine nucleotide was added in amounts of 0.09 umole per ml 
and growth was continued until the turbidity had slightly more 
than doubled. The isotope contents of the pyrimidines of DNA 
and RNA are given in Table IV. The selective utilization of 
dCMP for thymine can be noted once again. 

The entire requirement for thymine was supplied by exoge- 
nously supplied thymidylate. We do not believe that thymine 
was converted to cytosine and uracil but that the low levels of 
dilution observed in DNA-cytosine, RNA-cytosine, and RNA- 
uracil may be ascribed to the inaccuracies in the method, arising 
from a calculation of the difference in the specific radioactivities 
of the bases. As will be seen later in the experiment with C™- 
thymidylate, a maximum of 1% of the carbon of these pyrimi- 
dines can be derived from that of thymidylate. 

Of considerable interest is the selective utilization of the py- 
rimidine deoxyuridylate for thymine and uracil, although to a 
somewhat lesser extent than the utilization of (CMP for these 
bases. The utilization of this compound for cytosine of DNA 
and RNA was extraordinarily low. However the selective utili- 
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DNA RNA 
Thymine | Cytosine | Cytosine Uracil 
1. No competitor (c.p.m./ 
% dilution 
3. U* + dCMP-methy] ester. 0 6 7 0 
4. U* + 0.01 m acetate frac- 
*U represents uracil-2-C". 
TaBLeE III 
Utilization of cytosine derivatives by E. coli B,- 
DNA RNA 
Thymine | Cytosine | Cytosine Uracil 
U* + 0(¢.p.m./umole)........ 5059 5178 5044 5237 
QJ dilution 
U* + deoxycytidine......... 31 20 36 31 


* U represents uracil-2-C"™. 


TaBLeE IV 
Utilization of various pyrimidine nucleotides by E. colt B,- 
DNA RNA 

Thymine | Cytosine | Cytosine Uracil 

U* + 0 (e.p.m./umole)....... 6767 7290 7220 6850 
% dilution 

U* + dCMP (1:2)........... 43 17 17 29 
U* + dTMP (1:2)........... 53 3 6 6 
U* + dUMP (1:2)........... 30 1 8 20 
+ UMP 8 24 28 8 


* U represents uracil-2-C". 
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zation of uridylate for cytosine is in marked contrast to that of 
dUMP in this system. 

Utilization of Nucleotides by Virus-infected Bacteria—Strain 
B.- was grown to 3 X 10® bacteria per ml in a liter of medium 
containing nonradioactive uracil. The bacteria were chilled, 
centrifuged, washed, and resuspended in aliquots of 200 ml of 


fresh media containing 0.09 umole per ml of uracil-2-C™ and 0.09. 


umole per ml of competitor. The organisms were infected with 
T6r* as described earlier. After 3 hours the DNA had increased 
approximately 12-fold in all systems. After lysis, phage was 
concentrated to a volume of 6 ml and the pyrimidine bases of 
the DNA were isolated and their radioactivities were determined 
(Table V). 

The specific radioactivities of the bases are presented in Table 
V. The interpretation of the results is complicated by the fact 
that the DNA of the original bacteria may contribute their DNA 
to form about 20 to 30% of the precursors of the DNA of the 
phage. Hence the dilution of the phage pyrimidine obtained 
with a 1:1 ratio of radioactive and nonradioactive uracil is found 
to be slightly greater than 50%. On the other hand it can be 
seen that the dilution of the uracil-C' observed in the presence 
of the nucleotides, (CMP, dUMP, and dTMP is scarcely greater 
than that anticipated from the host contribution if no competitor 
was added. In addition, the contributions of the three nucleo- 
tides are substantially identical in both thymine and hydroxy- 
methyl cytosine, even though it is known that thymine is not 
converted to hydroxymethyl cytosine. Thus the exogenously 
supplied nucleotides are not used to a significant extent by phage- 
infected bacteria in contrast to the utilization observed with 
growing bacteria. In subsequent experiments it was observed 
that (CMP-methy] ester is not utilized for phage production. 

It is perhaps significant that with deoxycytidine as a competi- 
tor, the nucleoside is used more efficiently for phage pyrimidines 
than is free uracil. However in this experiment it is of interest 
that there is no selective utilization of deoxycytidine for either 
thymine or hydroxymethyl] cytosine. 

Utilization of Doubly Labeled Nucleotides—The specific utiliza- 
tion of dCMP in growing bacteria to make thymidylate in con- 
trast to the evident equilibration of deoxycytidine with uracil in 
filling the pyrimidine requirements of DNA and RNA suggested 
the possibility that intact nucleotides did penetrate into the 
growing bacteria. To test this, cells were grown in the presence 
of nonradioactive uracil and doubly labeled nucleotides contain- 
ing both C in the pyrimidines and P*®. 

Strain B,- was grown to 3 X 108 bacteria per ml in 1.2 liters 
in the presence of nonradioactive uracil. The culture was di- 
vided into two aliquots of 600 ml. To each aliquot was added 
radioactive nucleotide, dC'*M or dT4MP®, in the amount of 
0.045 umole per ml which was approximately equal to residual 
uracil in the growth medium. The culture was permitted to 
grow until it approximately doubled. 

The specific activities of the isolated nucleotides were compared 
simultaneously with the activities of the exogenously supplied 
doubly labeled nucleotides. These values are presented in Table 
VI, as are the extent of incorporation of C™ and P*, into the 
various pyrimidine nucleotides. It can be seen that the familiar 
patterns of incorporation of C' pyrimidine were obtained with- 
out any incorporation of the P® of the exogenously supplied 
nucleotide. Thus the intact nucleotides were not incorporated 
but had evidently been dephosphorylated before utilization of 
the pyrimidine portion of the molecule. 
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TABLE V 
Incorporation of nucleotides by T6r*-infected B,- into T6r+-DNA 
System Thyminet 5-Hy 
U* + uracil (1:1)............ 1891 55 1788 57 
U* + deoxycytidine (1:1)....| 1488 66 1260 70 
U* + dCMP (1:1)........... 3039 28 3078 27 
.......... 3113 27 2970 28 
+ 2913 31 2954 30 


* U represents uracil-2-C!* (4256 c.p.m. per umole). 

1 The DNA was removed from the phage by three extractions 
at 90° for 15 minutes with 5% trichloroacetic acid. Trichloro- 
acetic acid was removed by boiling at 100° for an hour and the 
solution was taken to dryness. The DNA was hydrolyzed in 
sealed tubes in 1 ml of 6 N HCl at 100° for 3 hours. The hydroly- 
sates were chromatographed in isopropanol-HCl and bases were 
separated yielding about 1.5 wmoles of 5-hydroxymethy] cytosine 
and 3 wmoles of thymine. These were further purified by chro- 
matography in n-butanol-H;0. 


TABLE VI 
Utilization of dC'*MP® and dT4*MP® by E. coli B,- 
Doubly labeled nucleotides: C'* = 7,000 c.p.m. per umole; 
Ps? = 10,000 c.p.m. per umole. 


% Incorporation in 
System dTMP* dCMP CMP UMP 
Cu | pa | Cu | paz | Cu | pa | Cu} 
Uracil + 30) 0 | 9 0 (10 Q |14 0 
Uracil + dT4MP®.........; 40} 0 | 0.2) 0 | 0.3) 0} 1.2) O 


* The fraction containing DNA was separated from RNA af- 
ter alkaline degradation. The 2’- and 3’-pyrimidine nucleotides 
of RNA were isolated as described earlier in Table II. 

The DNA fraction was degraded enzymatically to mononu- 
cleotides as described for the initial isolation of the doubly labeled 
nucleotides and separated on Dowex l-acetate columns. The 
solutions containing pure nucleotide were lyophilized and the 
residues were dissolved and chromatographed in isopropanol- 
HCl. The pure nucleotides were eluted in H.2O, estimated spec- 
trophotometrically, plated and counted for C' and P®. 


Exclusion of P® from Bacteria during Utilization of Doubly 
Labeled Deoxycytidylate—Strain B,- was grown to about 1.5 xX 
108 bacteria per ml in media containing 0.045 umole of uracil per 
ml. Deoxycytidylate (C™, 7,000 c.p.m. per umole; P*, 3,300 
c.p.m. per umole) was added at 0.03 umole per ml. The tur- 
bidity of the culture doubled during the experiment. Aliquots 
of 4 ml were removed at 20-, 40-, and 60-minute intervals and 
filtered on Millipore filters. C' and P*? were estimated in the 
bacteria and P*? was estimated in the media. Radioactivities 
are presented in Fig. 2. It can be seen that the P® content of 
the filtrate remained unchanged, despite incorporation of 13% 
of the pyrimidine-C™ into bacteria. No P*® was found in the 
bacteria. 

Conservation of Nucleoside in Exogenously Supplied Nucleotide 
—Since the pyrimidine of deoxycytidylate is transferred differ- 
ently from that of exogenously supplied deoxycytidine, the pos- 
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Fic. 2. Incorporation of C'* and P*® labeled deoxycytidylate 
into £. coli strain By-, as measured after filtration on Millipore 
filters. 


sibility existed that before dephosphorylation the pyrimidine of 
the nucleotide participates in a type of base exchange to other 
nucleotides in a manner unavailable to the pyrimidine of the 
nucleoside. This was tested and excluded by studying the con- 
tribution of the nucleotide for both the base and sugar moieties 
of the pyrimidine nucleotides of DNA in competition with ura- 
cil-2-C™“ when strain B,- was grown in the presence of these 
substrates. 

Strain B,- was grown in 2.5 liters of medium containing non- 
radioactive glucose and uracil. At a bacterial concentration of 
3 X 10*® per ml, the cells were centrifuged, washed, and resus- 
pended in five batches of 500 ml of fresh media containing 0.6 
mg of uniformly labeled glucose-C per ml (6,100 c.p.m. per 
umole) and 0.09 umole of uracil-2-C per ml (7,100 c.p.m. per 
umole). To four of these was added 0.09 umole per ml of a 
competitor, (CMP, deoxycytidine, dTMP, or thymidine. The 
cultures were permitted to double in turbidity after which the 
cells were harvested. 

The results are presented in Table VII. It can be seen that 
when deoxycytidine was the competitor the pyrimidine moiety 
was essentially the only part of the molecule which was used for 
the synthesis of bacterial DNA, 7.e. the sugar of deoxycytidine 
does not dilute the carbon of deoxyribose which was derived 
from uniformly labeled glucose-C™. On the other hand when 
dCMP was the competitor, the dTMP of bacterial DNA con- 
tained thymidine in which both thymine and deoxyribose were 
equally derived from the exogenous competitor, 7.e. the nucleo- 
side of (CMP was not cleaved in acting as a precursor for the 
formation of dTMP. 

A different result was obtained in the utilization of exogenous 
dCMP for bacterial dCMP. In this bacterial metabolite the 
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TaBLeE VII 


Utilization of nucleoside moieties* of exogenously 
supplied DNA precursors 


Competitor of radioactive uracil and 
ucose 
Isolated derivative | 
‘petitor lcytidiwe| @CMP | |Thymi- 
% dilution 
Thymidine-C" 
Thymine: base derived from 
nucleoside. ............... 4488 | 46 46 72 28 
Deoxyuridine: sugar derived 
from nucleoside........... 3090 + 46 58 36 
Deoxycytidine-C'* 
Uracil: base derived from 
nucleoside. ............... 3117 | 36 19 0 0 
Thymidine: sugar derived 
from nucleoside........... 2981 0 0 0 0 


* The bacteria were extracted with cold trichloroacetic acid, 
alcohol-ether at 60°, and dried in a vacuum over P20;. RNA 
nucleotides were separated from DNA by treatment with n 
NaQH and precipitation of DNA with acid. The DNA was ex- 
tracted three times with 2% perchloric acid at 90° for 15 minutes. 
The pooled extract was neutralized with KOH, KClO, was re- 
moved, and the DNA fraction was concentrated to 2 ml, clarified, 
adjusted to pH 9 with NH,OH, and hydrolyzed with 8 units of 
alkaline phosphatase at 37° in the presence of 0.05 m Mgt*. Af- 
ter 6 hours the tubes were heated to 100° for 2 minutes, and after 
chilling were centrifuged. The supernatant fluid was concen- 
trated to 0.5 ml and 4.5 ml of absolute ethanol were added to re- 
move salt. The solution was concentrated and the nucleosides 
were chromatographed in isopropanol-HCl. 

Thymidine was further purified by chromatography in butanol- 
NH,OH, and occasionally in ethyl acetate-formic acid-H2O in 
addition. Further purification of deoxycytidine was not neces- 
sary before enzymatic exchange. Separate isolation and analysis 
of pyrimidine base and of the deoxyribose moiety was effected by 
the enzymatic exchange described by Loeb and Cohen (18). Thy- 
midine was treated with a nucleoside phosphorylase present in 
extracts of EF. coli strain W.- and labeled uracil at a 1:5 molar 
ratio. The reaction mixture was chromatographed in ethyl ace- 
tate-formic acid-H.O and free thymine and deoxyuridine contain- 
ing deoxyribose from the original thymidine were isolated. The 
deoxyuridine was repurified by chromatography in butanol-H.0. 
Deoxycytidine was reacted similarly in the presence of unlabeled 
thymine. Actually the deoxycytidine was initially deaminated 
by a deaminase present in the extract containing nucleoside phos- 
phorylase and the products of the exchange reaction were free 
uracil and thymidine containing deoxyribose derived from the 
original deoxycytidine. These products were separated initially 
in ethyl acetate-formic acid-H.O and were each rechromato- 
graphed in butanol-H2O. The various products were analyzed 
spectrophotometrically and their specific radioactivities were 
estimated. 


deoxyribose was entirely derived from the uniformly labeled 
glucose-C'4. Thus the utilization of dCMP for the bacterial 
dCMP involved only the pyrimidine which had been liberated 
from the exogenous competitor. 

In the utilization of exogenous thymidine and dTMP for bac- 
terial dTMP, the nucleoside moieties appear to be used intact. 
Furthermore neither thymine nor the deoxyribose of these com- 
petitors are used in the biosynthesis of bacterial dCMP. 


XUM 


W 

C 

W 

t 

re 

cl 

n 

re 

0 

Pp 

Pp 

fe 
si 

SC 

ki 

or 

to 

18 

tic 

Set 

Bo 

cyt 

dea 


February 1960 


Conservation of Chemotherapeutically Active Nucleosides—As 
indicated earlier, we have studied the bactericidal activity of 
5-fluorouracil deoxyribonucleoside against E. coli and have dem- 
onstrated the conversion of this compound to the 5’-phosphate 
which is a very potent inhibitor of thymidylate synthetase (7). 
However in E. coli, fluorouracil deoxyribonucleoside is rapidly 
cleaved by the nucleoside phosphorylase to free fluorouracil 
which is more markedly bacteriostatic than bacteriocidal. Thus 
the killing action of the exogenously supplied nucleoside is of 
relatively short duration. 

This result is shown in Fig. 3 for 5-fluorouracil deoxyribonu- 
cleoside and for 5-fluorocytosine deoxyribonucleoside. The lat- 
ter compound is rapidly deaminated to fluorouracil deoxyribo- 
nucleoside which is then cleaved as described above. 

The results described in the previous section demonstrating 
relatively slow degradation of dCMP and the selective direction 
of dCMP to the thymidylate pathway, suggested that the 5/- 
phosphate of fluorocytosine deoxyribonucleoside might also be 
preserved better than is the nucleoside and might be a more ef- 
fective bactericidal agent than is exogenously supplied nucleo- 
side. The fluorodeoxycytidylate was therefore made, as de- 
scribed in an earlier section. As presented in Fig. 3, a prolonged 
killing action of this nucleotide as compared with the nucleoside 
on E. colt strain B has been obtained at equivalent molar inhibi- 
tor concentrations, 0.089 wmole per ml. Of additional interest 
is the marked continuing increase of turbidity in cultures treated 
with fluorodeoxycytidylate and indeed, when stained prepara- 
tions are examined in the microscope, such killed bacteria are 
seen to be significantly longer and thicker than those killed in 
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Fic. 3. Turbidity and viable count of cultures of E. coli strain 
B on different derivatives of 5-fluoropyrimidines. The abbrevia- 
tions used are: FUDR, fluorodeoxyuridine; FCDR, fluorodeoxy- 
cytidine; F-dUMP, fluorodeoxyuridylate; and F-dCMP, fluoro- 
deoxycytidylate. 
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Fig. 4. Reversibility of inhibitory activity of 5-fluorodeoxy- 
cytidylate by different natural metabolites. The abbreviations 
used are: F-dCMP, fluorodeoxycytidylate; TDR, thymidine; 
dCMP, deoxycytidylate; dUMP, deoxyuridylate, CH;-dCMP, 
5-methyl deoxycytidylate. 


the presence of fluorocytosine deoxyribonucleoside, which are 
themselves somewhat larger than those of the control culture. 

On the other hand fluorodeoxyuridylate is not seen to be bac- 
tericidal, although conceivably the observed curve of viable 
count in Fig. 3 might be a composite of both death and multi- 
plication. In any event this fluoronucleotide is far less effective 
as an inhibitor in this system than are the other fluoro-derivatives 
tested, although it is likely that 5-fluorodeoxyuridylate is the 
actual bactericidal agent within the bacterium. 

Reversal of Bactericidal Action of Fluorodeorycytidylate—Ex- 
ponentially growing cultures of EZ. coli strain B were inhibited by 
5-fluorodeoxycytidylate as described in the previous section. 
An equimolar concentration of one of a number of metabolites, 
mainly nucleotides, was included to study its possible reversing 
activity. As can be seen in Fig. 4, the growth of all the cultures, 
measured turbidimetrically, was inhibited. However, killing 
was observed only in systems lacking methyl pyrimidines, 1.e. 
cultures containing fluorodeoxycytidylate in the absence of a re- 
versing agent. dUMP had very little reversing action, whereas 
dCMP was slightly more effective. Thymidine or 5-methyl 
deoxycytidylate were very effective reversing agents of fluoro- 
deoxycytidylate. As shown earlier, thymidine may be incor- 
porated into bacterial DNA readily, and 5-methyl deoxycytidine 
is deaminated to thymidine by a bacterial deoxycytidine de- 
aminase (19). 

DISCUSSION 
Our studies have conclusively confirmed earlier indications 


that exogenously supplied nucleotides cannot be incorporated 
into E. coli. With the use of doubly labeled nucleotide, contain- 
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ing C™ in the pyrimidine and P®, only the C" isotope is incor- 
porated in bacterial nucleic acid. Nevertheless, it is clear that 
dephosphorylated deoxycytidylate, for example, is metabolized 
in a very different fashion from that of deoxycytidine. E. coli 
grown in the presence of considerable inorganic phosphate does 
possess a weakly active phosphatase which can slowly liberate 
inorganic phosphate from nucleoside 5’-phosphates in the growth 
medium used. Indeed the filtration experiments suggest that 
the phosphatase is at the surface of the bacterium since none of 
this phosphate is retained by the bacteria which have incor- 
porated C™. 

This phosphatase appears to be a strict monoesterase since the 
methyl ester of deoxycytidylate is not used in growing cells. 
One reason for the preparation of the nucleotide ester, in addi- 
tion to the possibility of increasing permeability by lowering 
negative charge at pH’s below 8, was the possibility that the 
deoxyribonuclease active in virus-infected cells might be able to 
transfer nucleotide molecules from suitable phosphodiesters to 
DNA. This reaction was not observed, nor for that matter did 
infected cells show any significant ability to use nucleotides. 
The latter was an unexpected result, implying either that one or 
more of the mechanisms involved in the use of nucleotides by 
growing bacteria are eliminated, or that the ability to utilize 
the nucleotide is a response to the presence of the substance. 
The latter mechanism appears unlikely since as shown in Fig. 2 
the cleavage of phosphate from the nucleotide by growing organ- 
isms occurs without a detectable lag, a result also observed in 
the utilization of the residual nucleoside moiety, or indeed other 
exogenously supplied nucleoside. 

In the utilization of a nucleoside such as deoxycytidine, the 
pathway of incorporation in strain B,- is evidently that pre- 
sented in Fig. 5, Route 1. Deoxycytidine is deaminated to 
deoxyuridine, which is cleaved to free uracil. The latter equi- 
librates with endogenously formed uracil and is incorporated 
into nucleotides and nucleic acid, or is excreted if present in 
excess. Only the pyrimidine of deoxycytidine is metabolized in 
this fashion, as indicated by the data in Table VII. It is of in- 
terest that exogenous thymidine does not appear to be so cleaved 
before incorporation. 

However, in the utilization of deoxycytidylate, although the 
phosphate is slowly lost before penetration, the residual pyrim- 
idine nucleoside is incorporated without cleavage. Since base 
exchange of the deoxycytidylate is excluded in our experiments, 
two general mechanisms can be postulated concerning the routes 


of utilization of the dephosphorylated nucleotide. The first 
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Fic. 5. Schema of routes of incorporation of pyrimidine of de- 
oxycytidine and deoxycytidylate in EZ. coli, strain By-. 
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mechanism, which appears to explain the data, is presented in 
Route 2 of Fig. 5. It is suggested that dCMP is dephosphory]- 
ated to deoxycytidine at the bacterial surface. The nucleoside 
is deaminated to deoxyuridine which is phosphorylated to dUMP 
at a markedly greater rate than it is cleaved by the nucleoside 
phosphorylase. Although the activity of a nucleoside kinase in 
E. coli appears to be much less than that of the nucleoside phos- 
phorylase, which is present in great excess, it may be supposed 
that the kinase is at or near the surface whereas the phosphorylase 
is relatively deep within the bacterium. No evidence exists at 
present for this assumption; nevertheless the assumption does 
not appear unreasonable at this time. 

The second mechanism indicated in Route 3 in Fig. 5, suggests 
a P exchange at the bacterial surface leading to the immediate 
formation of a new nucleotide. Since the product of this re- 
action is still deoxycytidylate and the deoxycytidylate of bac- 
terial DNA has been shown not to be derived from an exogenous 
precursor in which the nucleoside structure is preserved, it might 
be thought that a route which generates internal deoxycytidylate 
by a mere P exchange is not likely. However, this possibility is 
not entirely excluded, since the deoxycytidylate which enters 
bacterial DNA may conceivably be derived from cytidylate at a 
higher stage of phosphorylation and hence be preferred for DNA 
biosynthesis. Nevertheless an additional consideration helps to 
eliminate Route 3. It will be recalled that exogenous dCMP is 
directed to form thymidylate, implying the intermediate forma- 
tion of (UMP. The deamination of dCMP to dUMP has not 
been detected in growing E. colt, although (CMP deaminase has 
been observed in virus-infected E. colz.* 

It is a matter of some interest that cytosine nucleotides are 
utilized more readily than are the uracil nucleotides. Thus fed 
dCMP enters thymine more readily than does fed (UMP. Flu- 
orodeoxycytidylate is far more effective as an inhibitor than is 
fluorodeoxyuridylate, and 5-methyl deoxycytidylate is fairly 
effective in reversing this inhibition. It is possible that the 
phosphatase may be more active on the aminated compounds, or 
conceivably the presence of the amino group on the derived 
nucleoside temporarily preserves the structure against the action 
of the nucleoside phosphorylase. 

In mechanism labeled Route 2 the dephosphorylation is clearly 
the rate limiting step, since data from the filtration experiments 
show that the cleavage of (CMP occurs at a rate fairly close to 
that of thymine incorporation. The efficiency of conversion of 
the precursor of thymidylate suggests that the activity of the 
nucleoside kinase is not rate limiting. Thus the derived nucleo- 
side is incorporated into the nucleotide and nucleic acid fraction 
practically as soon as it is generated and in this sense each bac- 
terium is using this pyrimidine precursor as if the cell were a 
functioning chemostat. 

In comparing the utilization of the pyrimidine ribonucleotides 
with that of the deoxyribonucleotides, as in Tables III and IV, 
it can be seen that whereas the fed deoxyribonucleotides are used 
preferentially as thymine and uracil precursors, the ribonucleo- 
tides are used as cytosine precursors. UMP, for example, is used 
for cytosine 3 times more readily than for thymine and uracil. 
In the case of CMP utilization, it can be imagined that since cyti- 
dine is deaminated at about a third of the rate of deamination 
of deoxycytidine, the appearance of this nucleoside in cytosine 
reflects the conservation of the aminated pyrimidine ribonucleo- 


3 Unpublished observations of Dr. J. G. Flaks of this Depart- 
ment. 
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side which is rephosphorylated in the cell and converted to the 
deoxyribonucleotide at this level of metabolism. Parentheti- 
cally it may be noted that bacterial CMP most frequently shows 
a degree of incorporation of the competitor slightly greater than 
does bacterial (CMP, and often markedly greater than bacterial 
UMP. This is consistent with the idea that a cytosine ribo- 
nucleotide may be the immediate precursor to the cytosine de- 
oxyribonucleotide. 

However, UMP is used for both types of cytosine biosynthesis 
three times more readily than for thymine and uracil. This 
suggests that the conversion of uracil to UMP (perhaps by way 
of 1-pyrophosphoryl-ribose 5-phosphate) occurs at a site different 
from that at which uridine is converted (by way of a kinase) to 
UMP. The latter site may have a greater content of the amina- 
tion system to form cytosine. The results in Table IV and Ta- 
ble VII suggest in addition that amination occurs entirely in the 
ribonucleotide series, since (UMP contributes so little to form 
dCMP, and when bacterial dCMP is formed from exogenous 
dCMP, the deoxyribose is generated entirely de novo. 

The fact that the nucleoside moiety of a fed nucleotide is in- 
corporated without cleavage suggested a new possibility for pre- 
serving the nucleoside structure in cultures of E. colt. This was 
realized by feeding the cells fluorodeoxycytidylate and producing 
a more prolonged bactericidal action than that obtained with 
fluorocytosine deoxyribonucleoside or fluorouracil deoxyribo- 
nucleoside. The significance of preserving this structure for 
purposes of chemotherapy is emphasized by this experiment. 


SUMMARY 


We have studied the fate of exogenously supplied pyrimidine 
5'-nucleotides by a uracil-requiring strain of Escherichia coli. A 
technique was used involving the competition of the exogenously 
supplied unlabeled nucleotide with labeled uracil during growth 
or virus infection to form nucleic acid components. It was found 
that exogenous deoxycytidylate is a fairly specific precursor of 
thymidylate in growing bacteria, unlike deoxycytidine whose 
pyrimidine moiety equilibrates with uracil. Deoxyuridylate and 
thymidylate are also used in the main for thymidylate synthesis. 
However the deoxyribonucleotides were not significantly used as 
precursors of viral deoxynucleic acid pyrimidines during virus in- 
fection. During growth ribose nucleotides of uracil and cytosine 
are better precursors of cytosine nucleotides than of thymine or 
uracil nucleotides. 

The phosphate of exogenously supplied doubly labeled nucleo- 
tides is slowly liberated as inorganic P, and is excluded from the 
bacterial cell. The nucleoside moieties of exogenously supplied 
deoxycytidylate, thymidylate, and thymidine are used intact 
during the formation of bacterial thymidylate. This is in con- 
trast to the metabolism of deoxycytidine, whose deoxyribose is 
not used in forming deoxynucleic acid deoxyribose. The forma- 
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tion of bacterial deoxycytidylate from exogenous deoxycytidylate 
similarly involves the generation of free pyrimidine and a syn- 
thesis de novo of the sugar. 

The observed conservation of the nucleoside structure of fed 
nucleotides led to the test of 5-fluorodeoxycytidine 5’-phosphate. 
This compound was shown to have a more prolonged bactericidal 
action than that of the shortlived bactericidal nucleosides, fluoro- 
uracil deoxyribonucleoside and fluorocytosine deoxyribonucleo- 
side. Fluorodeoxyuridine 5’-phosphate is less active as an in- 
hibitor than the nucleosides. The bactericidal action of the 
fluorocytosine nucleotide was reversed by 5-methyl deoxycyti- 
dylate and by thymidine, but very slightly by deoxycytidylate 
and by deoxyuridylate. 

Two new nucleotides were prepared. 5-Fluorodeoxycytidylate 
was synthesized by an enzymatic transphosphorylation of 5- 
fluorocytosine deoxyribonucleoside. Deoxycytidylate was meth- 
ylated with diazomethane and the deoxycytidylate monomethyl] 


ester was isolated by ion exchange fractionation. The later com- 
pound was inert as a pyrimidine precursor. 
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The stimulatory effect of serotonin and of lysergic acid diethyl- 
amide on rhythmical movement of the parasitic trematode, the 
liver fluke, Fasciola hepatica, was reported previously (1). This 
organism has a high rate of carbohydrate metabolism. Although 
the production of volatile fatty acids accounts for almost all the 
carbohydrate utilized anaerobically, only 4 to 9% of the metabo- 
lized carbohydrate could be accounted for as lactic acid (2). 
Subsequently, it was found that stimulation of the rhythmical 
movement of the liver fluke by serotonin or by lysergic acid di- 
ethylamide resulted in an increased glucose uptake, glycogen 
breakdown, and a 2- to 10-fold increase in lactic acid production, 
however, there was little or no change in the production of volatile 
fatty acids (3, 4). On the other hand, epinephrine did not exert 
any significant effect, either on the carbohydrate metabolism or 
on rhythmical motility of the liver fluke. Since serotonin, in 
contrast to epinephrine, stimulated glycogenolysis in the flukes, 
the possibility was investigated whether serotonin might increase 
the activity of phosphorylase in these organisms. The first 
group of experiments reported in this paper indicated that stimu- 
lation of the muscular activity of flukes by serotonin is associated 
with an increase in phosphorylase activity. Since it has been 
shown that activation of phosphorylase by epinephrine in cell-free 
preparations is brought about by an increase in the formation 
of adenosine 3’,5’-phosphate (5, 6), attempts were made to 
demonstrate the effects of serotonin and of related compounds 
on the synthesis of the ribonucleotide by cell-free preparation of 
the liver fluke. It was found that serotonin stimulated the syn- 
thesis of the adenine ribonucleotide by particulate fractions of 
liver fluke homogenates. Furthermore, experiments reported 
below indicate that the adenosine 3’,5’-phosphate was identical 
with that isolated by Sutherland and Rall (7). 


METHODS 


Materials—Fasciola hepatica were obtained from the bile ducts 
of infected cattle at a local slaughterhouse. They were trans- 
ported and maintained in the laboratory as described previously 
(4). The average weight of 10 flukes was approximately 1 g. 
Incubation of controls, as well as serotonin-treated parasites, was 
carried out in Warburg vessels (total volume 150 ml) under ni- 
trogen for at least 3 hours. In each flask 5 flukes were placed in 
25 ml of medium that had the following composition: 154.0 
mmoles of NaCl, 5.4 mmoles of KCl, 0.54 mmole of CaCle, 6.0 


* Supported by research grants from the United States Public 
Health Service (No. E-1386, M-1725, and E-668, and H-2745). 


mmoles of NaHCQOs;, and 28 mmoles of glucose per liter. When 
indicated, 1 X 10-* m serotonin was included in the media. 
Assay of Phosphorylase Activity—Phosphorylase activity was 
determined in homogenates of the parasites prepared by homoge- 
nizing the worms in an all glass homogenizer, in 9 volumes of a 
mixture containing at final concentration: 0.035 m potassium 
glycerophosphate (pH 6.5), 0.03 m cysteine (pH 6.5), and 0.1 m 
sodium fluoride. Enzyme activity was determined by measure- 
ment of the rate of liberation of inorganic phosphate from glucose 
1-phosphate in the presence of glycogen at 30°. The total vol- 


ume of the reaction mixture was 0.8 ml. Aliquots of homogen- 


ates (0.2 ml) were incubated in an assay system containing at 
final concentration: glucose 1-phosphate, 0.0375 m (pH 6.5), 
glycogen, 2.5%, and NaF, 0.125 m. 5’-AMP was added wher- 
ever indicated to a final concentration of 0.0025 m. All reagents 
used for the enzyme assay were purified according to the meth- 
ods of Sutherland and Wosilait (8). The reaction was started 
by the addition of the fluke homogenate. Aliquots of the reac- 
tion mixture (0.2 ml) were transferred to 5% trichloroacetic acid 
at zero time and after incubation for 15 minutes. Inorganic 
phosphate was determined by the method of Fiske and Sub- 
baRow (9). Under these conditions, the activity of the ho- 
mogenate was proportional to its concentration. An increase in 
the iodine-glycogen color paralleled the increase of inorganic 
phosphate in the reaction mixture. This indicated that the 
liberation of inorganic phosphate from glucose 1-phosphate re- 
sulted from the activity of phosphorylase, rather than from any 
phosphatase activity. 

Inactivation and Reactivation of Fluke Phosphorylase—For some 
experiments homogenates of the liver fluke were prepared as 
described above except that NaF was omitted from the homoge- 
nizing mixture. Inactivation of phosphorylase was carried out 
by shaking such homogenates for 10 minutes at 30°. Reactiva- 
tion of the phosphorylase was carried out in a mixture that con- 
tained 0.2 ml of the homogenate, 0.7 umole of ATP, 4.0 umoles 
of MgSOu,, and 0.66 umole of caffeine in a final volume of 0.3 ml. 

Preparation of Particulate Fraction—Particulate fractions were 
prepared by homogenizing the parasites in 6 volumes of 0.33 M 
sucrose in an all glass homogenizer. The homogenate was cen- 
trifuged at 2000 x g, at 0° for 17 minutes. The particles were 
suspended in 0.25 m sucrose to the original volume and centri- 
fuged at the same speed. The washed particles were homoge- 
nized in enough sucrose (0.25 m) to make the suspension up to 
the original volume. 
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Preparation of Heated Extracts Containing Cyclic 3 ,6-AM P'— 
The system adopted for the production of cyclic 3,5-AMP 
contained 0.04 m Tris (pH 7.5), ATP (potassium) 2 x 10-*M, 
MgSO, 3.3 X 10-* M, sucrose 0.1 m, and 0.75 ml of washed 
particles diluted 3-fold with 0.25 m sucrose in a final volume of 
1.8 ml. These were shaken in air in a Dubnoff metabolic incu- 
bator at 30° for 7 minutes. At the end of the incubation time, 
samples of 1 ml were transferred to culture tubes and heated in 
a boiling water bath for 3 minutes and then chilled. Insoluble 
material was removed by centrifugation. Zero time controls 
were prepared by boiling the particles for 3 minutes, before the 
addition of the reactants. The heated extracts of incubation 
mixtures and zero time controls were assayed as described by Rall 
and Sutherland (6). This assay is based on the ability of cyclic 
3,5-AMP to stimulate the formation of active liver phosphory]- 
ase by fractions of liver homogenates. 


RESULTS 


Effect of Serotonin on Phosphorylase Activity in Intact Flukes— 
In Table I, the phosphorylase activity of control flukes is com- 
pared with that of flukes which had been incubated with seroto- 
tin. In these experiments, the homogenizing mixture contained 
0.1 m sodium fluoride in order to prevent the conversion of active 
phosphorylase to the inactive form. In all these experiments, 
homogenates from serotonin-treated flukes showed higher phos- 
phorylase activity than homogenates of untreated flukes. This 
effect of serotonin was pronounced and more consistent under 
anaerobic conditions. The increase in phosphorylase activity 
was observed in the presence or absence of 5’-AMP. 

The difference between phosphorylase activity in control 
flukes and those treated with serotonin was magnified when 
homogenates prepared in the absence of sodium fluoride were 
incubated for 15 minutes at 30° before the assay. Phosphorylase 
assays were performed in the presence of NaF (0.125 Mm). Under 
these conditions, phosphorylase activity was decreased. How- 
ever, phosphorylase activity in flukes treated with serotonin was 
almost twice that in the control (Table II). This was observed 
in the presence and in the absence of 5’-AMP. The reason for 
the magnification of the serotonin effect on phosphorylase after 
incubation without fluoride has not been investigated. 

Formation of Cyclic 3,5-AMP by Preparations of F. hepatica— 
The changes in carbohydrate metabolism in these organisms in- 
duced by serotonin, and the indication that phosphorylase 
changes might be involved, led to the consideration that cyclic 
3,5-AMP may play some role in these effects. In preliminary 
experiments, designed according to the conditions found to be 
optimal for dog liver particles (6), it was found that preparations 
from the liver fluke were very active in forming cyclic 3,5-AMP. 
Whole homogenates or once washed particulate fractions (col- 
lected at 2000 X g), prepared either in isotonic (0.25 m sucrose) 
or hypotonic media (0.001 m MgSO, plus 0.002 m glycylglycine 
at pH 7.4) were incubated with Mg++ ions, ATP, and 0.01 m 
NaF. Under these conditions, the exclusion of oxygen had little 
effect on the amount of cyclic 3,5-AMP formed. In these ex- 
periments about 1 umole of cyclic 3,5-AMP was formed per 
gram wet weight of F. hepatica in 30 minutes at 30°. Under 
similar conditions, preparations from dog liver formed only 0.06 
to 0.1 umole of cyclic 3,5-AMP per gram of tissue (6). 

It was desirable to validate the assumption that the ability of 


1 The abbreviations used are: cyclic 3,5-AMP, adenosine 3’,5’- 
phosphate; 5-HT, serotonin (5-hydroxytryptamine). 
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TABLE 
Phosphorylase activity of serotonin(5-HT)-treated flukes 
The values are in micromoles of phosphate released per gram 
of flukes (wet weight) during the 15-minute incubation period of 
the standard phosphorylase assay. Homogenates were prepared 
in the presence of 0.1 m NaF. 


Phosphorylase activity ; 
Control flukes 5-HT-treated flukes 
No. 
No With, |Nos’-AMP| With, |Nos’-AMP| ,,With, 

1 65 75 73 83 8 8 

2 68 75 72 86 + 11 

3 40 46 50 40 10 0 

4 39 49 59 60 20 11 

5 34 46 40 52 6 6 

6 39 44 47 54 8 10 

7 22 29 Ad 50 22 21 

8 36 47 45 58 9 11 

9 84 87 89 103 5 16 
10 68 75 72 86 4 11 
11 30 42 36 47 6 5 

TABLE II 


Phosphorylase activity of serotonin(6-HT)-treated flukes 


Homogenates were prepared without NaF added and shaken 
at 30° for 15 minutes. NaF (0.1 m) was added to the homogenate 
after such treatment. Other experimental conditions are as in 


Table I. 
Phosphorylase activity 
Net increase in phos- 
Experi- phorylase activity 
ment Control flukes 5-HT-treated flukes 
No. 
Nos'-AMP| ,With, |Nos-AMP| With, |Nos-AMP| With, 
1 12 | 19 27 41 15 22 
2 12 18 24 33 12 15 
3 14 18 31 36 17 18 
4 11 15 26 35 15 20 
5 ll 14 27 38 16 24 


the crude heated extracts to stimulate phosphorylase formation 
under the conditions used for the assay of cyclic 3,5-AMP (6) 
was due to cyclic 3,5-AMP contained therein. The heated ex- 
tracts derived from these preliminary experiments were pooled 
and fractionated by ion exchange chromatography by the proce- 
dure used previously for the isolation of cyclic 3,5-AMP (7). 
It was found that the material active in the assay system (6) 
was recovered in good yield in the fractions that would be ex- 
pected to contain cyclic 3,5-AMP (7). Thus, when the pooled 
heated extracts containing active material that assayed as 6 
pmoles of cyclic 3,5-AMP were applied to a Dowex 2 chloride 
resin column, nearly 85% of the active substance was recovered. 
The fractions containing the active material were passed through 
a Dowex 50 (H+ form) resin column with essentially complete 
recovery in the eluent fractions. In one fraction (Fraction 5) 
active material that assayed as 2.25 umoles of cyclic 3,5-AMP 
was recovered. This fraction, which was apparently uncontami- 
nated by other nucleotides, was used for characterization without 
resorting to further purification. This preparation was identical 
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TaBLeE III 
Characterization of cyclic 3,5-AMP formed by preparations 
from F. hepatica 
Fraction 5 from a Dowex 50 column was prepared as noted in 
text and was compared with crystalline synthetic cyclic 3,5- 
AMP by assay, and characterized as noted below and in the text. 


Measurement Result 

Concentration by ultraviolet spectrum 

Concentration by phosphorylase activation 

assay (6) (Compared with crystalline 

2.26 X 10-4 M 
Adenine-ribose-phosphate................... 1.00:1.03:0.97 
Spectrum in 0.05 n HCl 

0.249 

Spectrum in 0.05 n NaOH 


TaBLe IV 


Effect of serotonin(§-HT) and lysergic acid diethylamide (LSD) on 

formation of cyclic 3,5-AMP by preparations of F. hepatica 

Washed particulate preparations were incubated with ATP, 
Mg**, and buffer without or with additions of varying amounts 
of 5-HT or lysergic acid diethylamide (LSD). The particulate 
preparation used in Experiment I was made from frozen worms, 
washed once, and the precipitate that was collected after cen- 
trifugation was diluted with an equal volume of buffer before 
addition to the incubation mixture. In Experiments II and III 
the particulate preparations were made from fresh worms and 
were diluted with 2 volumes of buffer before use. (-—) indicates 
the addition was not made in a given experiment. 


Cyclic 3,5-AMP formed 
Additions 
10-3 107% 1 
umoles/ml | umoles/ml | umoles/ml 
~0.2 | ~0.15 | ~0.15 
0.38 0.30 0.25 
~0.2 
5 X 10*mM NaF + 1 X m 5-HT.. 4.2 
5 X mM NaF + 1 X 10-5 5-HT.. 4.1 


to synthetic cyclic 3,5-AMP (7, 10) as evaluated by spectrum, 
activity in the phosphorylase activation assay system (6), and 
by analysis for ribose and phosphate as shown in Table III. In 
addition, this fraction migrated on paper as a single spot with 
the same Ry as synthetic cyclic 3,5-AMP in ethanol-citrate 
buffer and was rapidly and completely inactivated when incu- 
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bated with a partially purified preparation of heart diesterase 
(7). 

Effect of Serotonin on Formation of Cyclic 3,5-AMP by F. 
hepatica—When washed particles were incubated in the absence 
of NaF and serotonin for 7 minutes at 30°, barely detectable 
amounts of cyclic 3,5-AMP were found. The addition of 1 x 
10-4 m serotonin resulted in at least a 5- to 10-fold increase in 
cyclic 3,5-AMP (Table IV). In these experiments it would 
appear that the half-maximal concentration of serotonin was 
approximately 1 m. 

The addition of NaF (0.0005 m) to the system had a profound 
stimulatory effect on the cyclic 3,5-AMP formation. In the 
presence of 0.0005 m NaF, the addition of serotonin resulted in 
about the same absolute increment in cyclic 3,5-AMP formation, 
as in the absence of NaF. However, the percentage increase 
was reduced to approximately 100%. The addition of a higher 
concentration of NaF, such as the 0.01 m concentration used in 
the preliminary experiments resulted in an even greater rate of 
cyclic 3,5-AMP formation. In the presence of 0.01 m NaF, the 
addition of serotonin did not appear to affect ribonucleotide for- 
mation. 

Particles from F. hepatica which had been frozen and thawed 
were as active as freshly prepared particles and still responded to 
serotonin. This would indicate that intact cell structure was not 
essential to the response to the hormone. 

Since the rate of formation of the cyclic nucleotide by liver 
fluke particles was increased markedly by addition of serotonin, 
an attempt was made to see if a similar increase could be noted 
with preparations from a related trematode, Schistosoma mansoni. 
Thirteen experiments were carried out with homogenates or par- 
ticles from this trematode, with 12 negative results. In one of 
the thirteen experiments some apparent effect was noted, but 
the response was not striking, and the activity noted was not 
characterized. In other experiments, homogenates or particulate 
fractions of Ascaris lumbricoides were incubated under conditions 
similar to those used for F. hepatica. No increase in the for- 
mation of cyclic 3,5-AMP in the presence of either serotonin or 
epinephrine was observed. However, these findings could have 
been due to the possibility that these species accumulate cyclic 
3,5-AMP to an extent lower than could be detected by the assay 
method used. In addition, the conditions employed may have 
been suboptimal for the accumulation of the nucleotide in prepa- 
rations from these species. 

Effect of Agents Related to Serotonin on Cyclic 3,5-AMP For- 
mation—Lysergic acid diethylamide is a potent stimulant to 
rhythmical movement in F. hepatica and stimulates glucose up- 
take and glycogen breakdown in concentrations lower than those 
required for similar effects with serotonin (1, 4). In washed 
particulate preparations from the liver fluke, however, only very 
small, although detectable, increments in cyclic 3,5-AMP for- 
mation resulted from the addition of 1 10-4 to 1 Xx 10-5 Mm 
lysergic acid diethylamide (Table IV). Addition of 1 x 10~ 
or 1 X 10-5 l-epinephrine, /-norepinephrine, and amphetamine 
sulfate had no detectable effect on the formation of cyclic 3,5- 
AMP. The cathecholamines do not stimulate movement, glu- 
cose uptake, or glycogen breakdown when added to intact F. 
hepatica (4). Amphetamine, however, does stimulate motility 
(1) and affects carbohydrate metabolism in the flukes.? 

Inactivation of Cyclic 3,5-AMP and Possible Relation to Action 
of Serotonin—Both whole homogenates of F. hepatica prepared 


2? T. E. Mansour, unpublished observations. 
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in 0.25 M sucrose and 2000 X g supernatant fractions derived 
therefrom were capable of inactivating cyclic 3,5-AMP when 
tested under the conditions for the assay of diesterase activity 
(7). As with the enzyme from mammalian heart, inactivation 
of cyclic 3,5-AMP was largely prevented in the presence of 
6.67 X 10-3 om caffeine. The once washed particulate fractions 
were capable of slowly inactivating cyclic 3,5-AMP under the 
conditions used for cyclic 3,5-AMP formation which included 
6.67 X 10-3 m caffeine. 

The possibility that the increased accumulation of cyclic 3,5- 
AMP caused by serotonin might be due to inhibition of the rate 
of its destruction was tested by incubating reaction mixtures 
containing 3.2 & 10-° m cyclic 3,5-AMP, but no ATP, as con- 
trols for Experiment I listed in Table IV. About 60 to 70% of 
the added cyclic 3,5-AMP was inactivated after 15 minutes of 
incubation, both in the absence and presence of 1 xX 10-4 mM 
serotonin. In the presence of ATP (Experiment I, Table IV), 
serotonin had a marked effect in promoting the accumulation of 
the ribonucleotide. This result would indicate that serotonin 
acted by stimulating the formation of cyclic 3,5-AMP. There 
remains the unlikely possibility that ATP is required in order 
for serotonin to prevent the destruction of cyclic 3,5-AMP. 

Effects of Serotonin and Cyclic 3,5-AMP on Homogenates—Ex- 
periments with homogenates of F’. hepatica showed that phos- 
phorylase activity was greatly reduced on incubation at 30° (Fig. 
1). Incubation of the homogenate containing the inactive en- 
zyme with ATP, Mg*+, and caffeine resulted in almost complete 
restoration of phosphorylase activity. Under the experimental 
conditions (including the substitution of manganese ions for 
magnesium ions), no stimulatory effect of serotonin or cyclic 
3,5-AMP was demonstrated on the reactivation of the phospho- 
rylase (Fig. 1). It should be pointed out that in order to detect 
a possible effect of serotonin or cyclic 3,5-AMP on the reactiva- 
tion of fluke phosphorylase, it will be necessary to achieve condi- 
tions in vitro in which the reactivation process is not as rapid and 
complete as has been observed to date. 

Although an effect of the cyclic nucleotide on the activation of 
phosphorylase could not be observed in broken cell preparations 
of F. hepatica, cyclic 3,5-AMP markedly stimulated the activa- 
tion of phosphorylase in homogenates of the parasitic worm, 
Ascaris lumbricoides (Table V). This stimulatory effect was 
demonstrable by subsequent assay of phosphorylase either in 
the absence or in the presence of 5-AMP. 


DISCUSSION 


The liver fluke, Fasciola hepatica, responds to serotonin addi- 
tion with an increase in rhythmical movement, glucose uptake, 
glycogen breakdown, and lactic acid production; such responses 
are not noted when catecholamines are added (4). The experi- 
ments reported in this paper show that exposure of intact flukes 
to serotonin resulted in an increased level of phosphorylase, and 
that serotonin caused a striking increase in the formation of 
cyclic 3,5-AMP by particulate fractions of the fluke; however, 
the catecholamines did not. Serotonin, therefore, would appear 
to be the fourth chemical agent which increases the formation of 
this cyclic nucleotide; the others are catecholamines, glucagon, 
and adrenocorticotropic hormone (11) which are active when 
tested with certain mammalian tissues. Since the presence of 
serotonin in F. hepatica has been demonstrated (12), it seems 
possible that serotonin plays an important role in certain regula- 
tory mechanisms in this parasite. Serotonin stimulates the con- 
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Control 5-HT Cyclic 
3,5 AMP 


Fic. 1. Inactivation and reactivation of phosphorylase in ho- 
mogenates of Fasciola hepatica. Homogenates used for experi- 
ments depicted in all the bars in the figure were prepared from the 
same batch of flukes. Bar J represents the initial phosphorylase 
activity in the freshly prepared homogenate. Bar JJ represents 
enzyme activity after incubation of the homogenate for 10 minutes 
at 30° (inactivation). Bar JIJ represents enzyme activity in the 
inactivated homogenate after incubation with the reactivation 
reaction mixture (see text) for 10 minutes at 30° (reactivation). 
Bar IV represents the effect of adding 1 X 10-4m 5-HT to the re- 
activation mixture used in experiment depicted in barJJI. Bar V 
represents the effect of adding 1 K 10-4 m cyclic 3,5-AMP to the re- 
action mixture used in experiment depicted in bar JJJ. 


TABLE V 


Effect of cyclic 3,5-AMP on activation of Ascaris 
muscle phosphorylase 


Frozen Ascaris muscle was thawed, homogenized in cold glyc- 
erophosphate-cysteine buffer, and centrifuged for 15 minutes at 
1300 X g. The muscle supernatant fluid was incubated for 10 
minutes at 30° with ATP (2 K 10-3 m) and manganese acetate 
(2 X 10-2 m), without or with the addition of various concentra- 
tions of cyclic 3,5-AMP. Immediately after this incubation, 
phosphorylase activity was determined in a phosphorylase reac- 
tion mixture consisting of (as final concentrations): 0.05 m glu- 
cose 1-phosphate, pH 6.8; 0.08 m NaF; and 1% glycogen. This 
reaction mixture was used without or with the presence of 1 & 10-3 
mM 5’-AMP. The concentration of cyclic 3,5-AMP was 1.2 * 10-5 
M except where noted. Results are expressed as umoles of inor- 
ganic phosphate released during the assay per ml of muscle super- 
natant fluid. 


Experiment No. 
addition II III IV v* vI* 

33.2 3.0 | 14.5 | 18.0 

+ _ 52.0 | 13.9 | 18.6 | 27.5 
“on + 42.3 | 15.5 | 19.7 | 26.0 | 38.0 | 47.5 
+ + 57.4 | 35.6 | 27.0 | 35.2 | 62.0 | 58.0 


* Concentration of cyclic 3,5-AMP was 6.3 X 10-5 M. 


tractility of the heart of Venus mercenaria at a much lower con- 
centration than the catecholamines (13). These effects raise the 
question whether serotonin or a related indolalkylamine has a 
function in invertebrates similar to that of epinephrine in some 
tissues of higher animals. 
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In general, one action of serotonin in F. hepatica appears analo- 
gous to an action of catecholamines and glucagon in mammalian 
liver, and to an action of catecholamines in mammalian skeletal 
and cardiac muscle. Epinephrine and related amines increase 
the concentration of active phosphorylase in liver, for example, 
and glycogenolysis is stimulated. It has been shown that the 
effect of epinephrine on phosphorylase in liver homogenates is 
separable into two phases: the first, an increase in the formation 
of cyclic 3,5-AMP in a particulate fraction of homogenates in 
the presence of epinephrine and, second, the stimulation of phos- 
phorylase formation by cyclic 3,5-AMP in supernatant fractions 
of homogenates in which epinephrine itself had no effect. In the 
liver fluke, serotonin simulates all these effects of epinephrine, 
except that to date the effect of serotonin (or cyclic 3,5-AMP) 
on reactivation of phosphorylase in homogenates or extracts has 
not been demonstrated. 

It is interesting that the effects of lysergic acid diethylamide or 
amphetamine on the intact fluke were not correlated with their 
ability to promote the accumulation of cyclic 3 ,5-AMP in washed 
particles of flukes. Although it is possible that these agents act 
by a completely different mechanism, they might indirectly affect 
the formation of cyclic 3,5-AMP by means of serotonin by dis- 
placing or protecting endogenous serotonin, or they might act 
only after metabolic alteration in the fluke. 


SUMMARY 


1. Serotonin produced an activation of phosphorylase in the 
intact liver fluke, Fasciola hepatica. 

2. Liver fluke phosphorylase could be converted to an inactive 
form. Reactivation of the inactive liver fluke phosphorylase 
was demonstrated in the presence of adenosine triphosphate and 
Mgt**. 

3. Serotonin caused a rapid and specific increase in the forma- 
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tion of adenosine 3’,5’-phosphate catalyzed by a particulate 
fraction from the liver fluke; requirements for this system were 
similar to those of the mammalian system. 

4. The adenosine 3’ ,5’-phosphate produced in the presence of 
the liver fluke particulate fractions was isolated and was found 
to be identical with that formed by particulate fractions of mam- 
malian liver. 

5. Adenosine 3’,5’-phosphate stimulated the activation of 
phosphorylase in extracts of Ascaris lumbricoides muscle. 


Acknowledgments—The authors wish to thank Mrs. June Smith 
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Recent observations from this laboratory have revealed that 
there is an alteration in the kinetic properties of microsomal 
glucose 6-phosphatase in the livers of diabetic rats (1, 2), in 
addition to the well established increase in total activity (3, 4). 
Since the kinetic differences between the normal and the diabetic 
enzyme disappeared upon disruption of the microsomes (2), it 
seemed possible that they arose from alterations in the micro- 
somes themselves. In order to obtain more information related 
to this possibility, an examination of a second microsomal en- 
zyme was undertaken. The phosphatase which hydrolyzes ad- 
enosine 5’-phosphate (5, 6) was selected for this purpose. No 
changes were observed in either the kinetics or activity of this 
enzyme in diabetic animals. Pursuant to these studies the 
specificity and a number of the properties of the enzyme were 
investigated and are reported herein. 


EXPERIMENTAL 


Methods and Materials 


Animals were made diabetic and microsomes were prepared 
as previously described (2), except that the sedimented micro- 
somes were resuspended in a volume of 0.25 m sucrose equal to 
the original volume of homogenate from which they were de- 
rived. 

Enzyme assays were routinely performed at 30° for 10 min- 
utes in a volume of 2.0 ml containing 150 uwmoles of Tris buffer, 
pH 7.5, 2 umoles of 5’-AMP, and 0.1 ml of resuspended micro- 
somes. The reaction was terminated by the addition of 0.4 ml 
of 30% trichloroacetic acid, and the precipitated protein was 
removed by centrifugation. Phosphate was determined on the 
supernatant fluid by the method of Fiske and SubbaRow (7), 
and adenosine by the decrease in absorbancy at 265 my in the 
presence of adenosine deaminase in phosphate buffer (8). The 
extinction coefficient at 265 my for the conversion of adenosine 
to inosine was determined in two ways, viz. by measuring the 
total change in absorbancy of a standard solution of 5’-AMP at 
265 my in the presence of adenosine deaminase plus microsomal 
phosphatase, and by measuring the absorbancy of standard 
adenosine and inosine solutions at 265 mu. The results of the 
two methods agreed within 5% and gave an average value of 
8.69 em-!, 

For the determination of the apparent Michaelis constants 
(K,’), incubations were performed in a Beckman DU spectro- 
photometer equipped with a water-jacketed cell compartment 


* This work was supported by a research grant (A-875) from the 
National Institute of Arthritis and Metabolic Diseases of the 
United States Public Health Service. 

t To whom inquiries concerning this paper should be addressed. 
Present address, Department of Pharmacology, St. Louis Univers- 
ity School of Medicine, St. Louis 4, Missouri. 
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and a photomultiplier attachment. Each cell contained, in a 
final volume of 3.0 ml, 150 umoles each of Tris plus cacodylate 
buffer, pH 6.5, 0.1 ml of resuspended microsomes, 0.05 ml of 
adenosine deaminase, and 0.156 umole of 5’-AMP. The sub- 
strate was added last in a volume of 0.1 ml, and the reaction 
was followed to completion against a blank in which the 5’-AMP 
was replaced with water. 4K,’ values were calculated by a modi- 
fication of the method of Walker and Schmidt (9) from the 
integrated form of the Michaelis-Menten equation, 


(S.) = — log (Sq) log 


The source of the deaminase was a crude intestinal phospha- 
tase preparation which was freed of phosphatase by the method 
of Kalckar (10). The final preparation gave an initial rate of 
change of absorbancy under the conditions of the above assay 
of 0.022 min.~ per 0.005 ml of enzyme in the presence of 5.8 x 
10-5 m adenosine, and a negligible rate of change of absorbancy 
at pH 6.5 in the presence of 5.2 K 10-5 m 5’-AMP and 0.05 ml 
of deaminase. 

For the determination of the variation of activity with pH, a 
series of buffars were prepared containing equal concentrations 
of Tris and sddium cacodylate adjusted to the desired pH with 
HCl. 

Protein was determined by the method of Lowry et al. (11). 

The nucleotides and nucleosides were obtained from the Sigma 
Chemical Company and Pabst Laboratories. The crude intes- 
tinal phosphatase preparation was a product of Pentex Incorpo- 
rated and was kindly donated by Dr. W. F. White. 


RESULTS 


Proportionality to Time and Enzyme Concentration and Stoi- 
chiometry of Reaction—The proportionality of phosphate and 
adenosine formed to time and enzyme concentration is illus- 
trated in Fig. 1, in which the stoichiometry of the reaction is also 
apparent. Similar results were obtained with diabetic micro- 
somes. 

pH versus Activity—As can be seen from Fig. 2, the micro- 
somal enzyme exhibited a broad pH optimum in the range 6.5 
to 8.0. There was no effect of added Mgt+ with the microsomal 
enzyme. At pH 7.5 no difference was observed with the use of 
the mixed Tris-cacodylate buffer or with Tris alone. When the 
effect of pH and Mgt+ was tested with the whole liver homoge- 
nate, the 5’-AMP-hydrolyzing activity rose with pH up to 9.5, 
the highest pH studied, and there was a marked stimulation by 
Mg?**+ at the higher pH values. This Mg*+-stimulated activity, 
manifested at high pH values, was presumed to be caused by 
the 5’-AMP-hydrolyzing enzyme of nuclei, which was observed 
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TABLE I 
0.60 A 4 5’-Nucleotidase activity of normal and diabetic liver microsomes 
Assay conditions were as described in the text. Three separate 
; groups of normal and diabetic animals were used and the data 
> 040F combined. Activities are expressed as the average of the umoles 
\ of orthophosphate formed per ml plus or minus the standard devi- 
ation. 
S 0.20F Status No. of animals Activity 
w 
y Normal 14 0.129 + 0.028 
0.00 Diabetic 13 0.118 + 0.022 
S 
> 10 20 30 40 
MINUTES 
x TABLE II 
ned Substrate specificity of microsomal 5'-nucleotidase 
bn B ©) Assay conditions were as described in the text with all sub- 
Q strates at a concentration of 1 zmole per ml. Data are expressed 
WH as relative activity compared to 5’-AMP. All values are the 
w 0.20F , average of two or more determinations with the exception of that 
Ss for riboflavin phosphate. 
= 
Substrate Relative activity 
0.10F 
5’-AMP 100 
5’-IMP 27 
0.00 0.05 0.10 0.15 0.20 5'-UMP 67 
ML. MICROSOME SUSPENSION 26 
Fic. 1. Proportionality to time and enzyme concentration and ae 6 aes h 
stoichiometry of the reaction. Incubation conditions were as de- ee pene ate 
scribed in the text, except that in graph A the time of incubation mibese 5-phosphate 0 
was varied as indicated and in graph B the amount of enzyme 2’-AMP 0 
added was varied as indicated. O, orthophosphate (iP); @, 3’-AMP 0 
adenosine. 2’-, 3’-CMP* 0 
2’-, 3’-UMP* 0 
2’-, 3’-GMP* 3 
0.20F 
>= * Mixed isomers. 
0.15 TABLE III 
Inhibition of 5'-nucleotidase activity by nucleosides 
w 0.10 Assay conditions were as described in the text, except that two 
= levels of 5’-AMP were used as indicated, and inhibitors were added 
» to the final concentration noted. All values are the average of 
. 0.05 two or more determinations. 
= 
Inhibition 
1 1 Inhibitor 
5.0 6.0 7.0 8.0 9.0 at 3 X 10-4 mw 5’-AMPjat 1 X 10-2 m 5’-AMP 
Fic. 2. Activit H. I a diti d : 
Fig. 2. Activity versus pH. Incubation conditions were as de- 53 31 
scribed in the text (iP-orthophosphate). 0.025 m inosine 5A 34 
0.05 Mm cytidine 41 30 
by Novikoff et al. (5) and de Lamirande et al. (6) to possess these i i md po 


characteristics, and was not further investigated. 

Comparative Activities of Normal and Diabetic Microsomes— 
In Table I the microsomal 5’-AMP-hydrolyzing activities of 
three groups of normal and diabetic animals are listed. As can 
be seen, there was no significant difference between the normal 
and diabetic preparations. 

Specificitty—In Table II are presented the relative activities 
of microsomes toward a number of compounds related to 5’- 
AMP, all tested at a substrate concentration of 10-7 m. On the 
basis of these results, the activity appears to be specific for 5/- 
nucleotides, with 5’-AMP cleaved most rapidly. Crane (12) 


has observed an appreciable rate of hydrolysis of ribose 5-phos- 
phate by microsomes at pH 6.7 and at a 33-fold higher substrate 
concentration. Since the KA,’ value Crane obtained for this 
compound was 5 times the substrate concentration used in these 
experiments, these differences are not unexpected. 

Inhibition by Nucleosides—Table III lists the percentage of 
inhibition produced by several nucleosides at the concentrations 
indicated and at two different substrate concentrations. It is 
apparent that the inhibition has at least partially competitive 
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Fig. 3. Inhibition by orthophosphate (iP). Incubation condi- 
tions were as described in the text with the addition of orthophos- 
phate as indicated. 
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Fic. 4. Time course of the reaction and apparent Michaelis 
constant (K,’). Incubation conditions and calculations were as 
described in the text for the determination of the apparent Mi- 
chaelis constant. 


characteristics, unlike the analogous inhibition of microsomal 
glucose 6-phosphatase by glucose (1). 

Inhibition by Phosphate—As is usual in the case of phospha- 
tases, P; inhibited the activity of microsomal 5/-nucleotidase. 
As can be seen from Fig. 3, however, the inhibition here never 
exceeded about 40%. Whether this is a result of the presence 
of two 5’-AMP-hydrolyzing enzymes, only one of which is in- 
hibited by Pi, or of a single enzyme which retains residual ac- 
tivity even in the presence of saturating levels of Pi, cannot be 
determined from these data. 

Relevant to the possible presence of two distinct enzymes is 
the finding of Novikoff et al. (5) that 5’-AMP-hydrolyzing ac- 
tivity was present in both the “heavy” and “light”? microsomes 
of liver, unlike a number of other enzymes which were present 
in only one or another of these fractions. 

Apparent Michaelis Constant—Fig. 4 is a plot of absorbancy 
against time and of the same data converted into a linear rela- 
tionship. For the purposes of the calculations for the linear 
plot, zero time was taken at the end of the lag period evident in 
Fig. 44. A number of such determinations were performed 
with different microsomal preparations from both normal and 
diabetic rats and all gave K,’ values in the range 1.0 to 1.2 x 
10-5 m. Heppel and Hilmoe (13) have reported a Michaelis 
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constant of <10-‘* m for the 5’-nucleotidase of seminal plasma 
with 5’-AMP as substrate, but were unable to obtain a more 
exact figure by the methods they employed. 

Possible Inhibitor in Heavy Particles—It was routinely ob- 
served that considerably less P; appeared after incubation of 

‘-AMP with the whole homogenate than with the supernatant 
fluid from a 10-minute centrifugation at 5000 x g (S; fraction) 
or with the microsomes obtained from the §S; fraction. Typical 
examples are presented in Table IV. This phenomenon was 
particularly apparent with diabetic livers, in which incubation 
with the whole homogenate led to little or no P; appearance 
(Table IV), whereas the microsomes therefrom contained as 
much activity as those from normal livers (Tables I and IV). 
When an aliquot of heated (5 minutes, 100°) fresh homogenate 
or heated 5000 x g sediment was added to the microsomal or 
S: fraction, a diminution of enzyme activity was observed (Table 
V). The most likely explanation of these results is that a heat- 
stable inhibitor of 5’-nucleotidase was present in the 5000 x g 
sedimentable particles. 

In addition to centrifugation, various other treatments of the 
whole homogenate, such as freezing and thawing, grinding in a 
Potter-Elvehjem homogenizer, or aging at 0° for several hours 
led to a marked increase in the apparent activity of the whole 


TABLE IV 
§'-AMP-hydrolyzing activity of various liver fractions 
Assay conditions were as described in the text, with 0.1 ml of 
the respective fractions as the source of the enzyme. Activities 
are expressed as ymoles of orthophosphate formed per ml. Frac- 
tion S, is defined in the text. 


Status Fraction Activity 
Normal homogenate 0.054 
Si 0.113 

microsomes 0.135 

Diabetic homogenate 0.011 
0.097 

microsomes 0.111 

TABLE V 


Inhibition of microsomal 5'-nucleotidase activity by addition 
of heated sediment 
Assay conditions were as described in the text with additions 
noted. Data are expressed as activities relative to the unin- 
hibited microsomes. The preparation of the sediment is de- 
scribed in the text. 


Additions Amount Relative activity 
ml 
none 100 
Heated sediment from fresh 0.1 81 
homogenate 0.5 57 
Heated sediment from fro- 0.1 98 
zen-thawed homogenate* 0.5 84 


* The activity of the frozen-thawed homogenate was approxi- 
mately twice that of the fresh homogenate from which it was pre- 
pared. 


ate 
ata 
les 
Vi- 

ib- 
ed 

he | 

ed — | 
of 

| 

te 

is 
se 

of 

is 


474 


homogenate and also to a concomitant reduction in the inhibi- 
tory effect of heated homogenate (Table V). These results are 
consistent with the presence of an inhibitor in the heavy parti- 
cles, which is destroyed during the course of freezing and thaw- 
ing, grinding or aging, possibly by an enzyme released during 
such treatment. 


DISCUSSION 


The finding of normal 5’-nucleotidase activity and kinetics in 
diabetic microsomes is quite disparate from observations pre- 
viously made with another microsomal enzyme, glucose 6-phos- 
phatase. Thus support is lent to the concept that the altera- 
tions in the latter enzyme are a specific response to the diabetic 
state, related in some manner to the altered carbohydrate me- 
tabolism therein, rather than that they are a reflection of a 
general microsomal alteration. 

Phosphatases exhibiting a marked or absolute specificity for 
5’-nucleotides have been found in a wide variety of sources 
(14-17), among which those from snake venom (13, 14), seminal 
plasma (13), and Clostridium sticklandi (17) have been most 
extensively studied. To this group of relatively specific 5’-nu- 
cleotidases may now be added the enzyme of liver microsomes. 
In contrast to the seminal plasma enzyme (13), the liver micro- 
somal 5’-nucleotidase has maximal activity at neutral pH and 
no requirement for added Mg*+. Both enzymes exhibit un- 
usually low Michaelis constants compared with phosphatases in 
general, <10-* m for the seminal plasma enzyme and 1.0 to 
1.2 x 10-* m for the microsomal enzyme. 

The observations suggesting the presence of a heat-stable 
inhibitor of the enzyme in the 5000 x g sedimentable fraction 
of liver, and its increased level in the diabetic state, are of inter- 
est and worthy of further investigation. 


SUMMARY 


The presence of a specific 5’-nucleotidase has been demon- 
strated in rat liver microsomes. The enzyme exhibited maxi- 
mal activity at neutral pH values and was not stimulated by 
added Mg**. 


Inorganic phosphate and a variety of nucleosides 
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were inhibitors of the reaction. Preliminary evidence has sug- 
gested the presence in the nuclear plus mitochondrial fraction 
of an endogenous 5’-nucleotidase inhibitor, whose level was in- 
creased in diabetic livers. With adenosine 5’-phosphate as sub- 
strate, a value of 1.0 to 1.2 x 10-5 m was obtained for the ap- 
parent Michaelis constant. 

In contrast to the alterations in microsomal glucose 6-phos- 
phatase characteristic of the diabetic state, no differences were 
found in the activity or kinetics of 5’-nucleotidase in isolated 
microsomes from normal and diabetic livers. 
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(2-Chloroethyl)trimethylammonium Chloride and Related 
Compounds as Plant Growth Substances 


I. CHEMICAL STRUCTURE AND BIOASSAY* 


N. E. To.Bert 


From the Department of Agricultural Chemistry, Michigan State University, East Lansing, Michigan 


(Received for publication, August 19, 1959) 


In this series of publications, the action of (2-chloroethyl)- 
trimethylammonium chloride! and certain other structurally re- 
lated compounds will be described as a class of plant growth sub- 
stances. The growth of plants after treatment with certain of 
these chemical compounds will be published in subsequent ar- 
ticles.» 3 The most characteristic effect is the development of 
stockier plants with shorter and thicker stems. Such a growth 
pattern is the opposite from that produced by gibberellin, and in 
fact the actions of gibberellin and of (2-chloroethyl)trimethy]- 
ammonium chloride on the growth of plants are mutually an- 
tagonistic.2»* In this paper, data from an assay with wheat 
seedlings are presented in order to determine relationships be- 
tween chemical structure and biological activity as plant growth 
substances. 

In 1908, it was noted that plants growing in solutions contain- 
ing 25 p.p.m. of (ethylene)trimethylammonium bromide were 
injured, and that plants were killed by 250 p.p.m. of this com- 
pound (1). Other prior tests of compounds related to (2-chloro- 
ethyl)trimethylammonium chloride on the growth of plants have 
not been reported. However, (2-chloroethyl)trimethylammo- 
nium chloride is a competitive inhibitor of cholinesterase in ani- 
mals (2). 


EXPERIMENTAL 


Chemical Syntheses 


All of the compounds were prepared in a pressure flask or 
bomb by the usual reaction of an aliphatic halide with trimethyl- 
amine. Toluene was used as solvent so that the first reaction 
product, an ammonium salt, would be immediately precipitated. 
The products were recrystallized from methanol, ethanol, n- 
propanol, or toluene. The products were exceedingly soluble in 
water and were used directly in tests on plant growth. Picrate 


* Published with the approval of the Director of the Michigan 
Agricultural Experiment Station as Journal Article No. 2483. 

1In the past, these compounds have often been referred to as 
derivatives of choline. Thus (2-bromoethyl)trimethylammonium 
bromide has been called bromocholine bromide, and (2-chloro- 
ethyl)trimethylammonium chloride would be named chlorocholine 
chloride. 

*N. E. Tolbert, (2-Chloroethyl)trimethylammonium chloride 
and related compounds as plant growth substances. II. Effect on 
growth of wheat, to be published. 

7S. H. Wittwer and N. E. Tolbert, (2-Chloroethyl)trimethyl- 
ammonium chloride and related compounds as plant growth sub- 
stances. III. Effect on growth and flowering of the tomato, to 
be published. 


salts were formed with saturated aqueous picric acid and the 
salts were recrystallized from hot water. 
(2-Bromoethyl)trimethylammonium Bromide—One equivalent 
of 1,2-dibromoethane and one of anhydrous trimethylamine in 
100 ml of toluene were heated in a pressure flask at 30—40° over- 
night. The yield was over 90%. Previous preparations by this 
reaction have been made in other solvents (3). M.p., 245° 
(decomposition starts at 238°); picrate salt m.p., 163°. 


C;H,;;Br2N 
Calculated: C 24.30, H 5.31, Br 64.72, N 5.67 
Found :4 C 24.33, H 5.32, Br 64.46, N 5.69 


(2-Chloroethyl)trimethylammonium Chloride—The reaction be- 
tween trimethylamine and 1 ,2-dichloroethane was run at tem- 
peratures ranging between 80-95°. Yields after recrystallization 
were about 40% due in part to poor crystallization from absolute 
ethanol. This salt melted at 300°, though decomposition began 
between 240-245°. Picrate salt m.p., 207°. 


C;H,;Cl2N 
Calculated: C 37.97, H 8.29, Cl 44.87, N 8.87 
Found: C 37.83, H 8.33, Cl 44.57, N 8.89 


(3-Bromopropyl)trimethylammonium Bromide—The reaction 
between trimethylamine and 1,3-dibromopropane proceeded 
rapidly at about 30° and cooling was necessary. The yield was 
90%. M.p., 204°; picrate salt m.p., 198°. 


C,.H,;Br.2N 
Calculated: C, 27.59; H, 5.79; Br, 61.25; N, 5.37 
Found: C, 26.10; H, 5.87; Br, 60.62; N, 5.27 


In these syntheses, it was necessary to consider the possibilities 
of further reactions of the initial product with another equivalent 
of the amine to form the bis(trimethylammonium) salt. There- 
fore the reactions were carried out in toluene so that the initial 
product would be removed by precipitation as it was formed. 
Previous investigations have demonstrated that ethylenebis(tri- 
methylammonium) and ethylenebis(triethylammonium) salts 
were not formed by this procedure because of steric hindrance 
even when higher temperatures and ethanol were used to hold 
the first product in solution (4, 5). However, the imperfect 
analyses on the preparation of (3-bromo-n-propy]l)trimethylam- 
monium bromide indicate that a slight secondary reaction may 
have occurred in the synthesis of the propyl derivative. 


* Analyses were run in duplicate by Sprang Microanalytical 
Laboratory, Ann Arbor, Michigan. 
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(2-Bromoethyl)dimethylammonium Chloride—The reaction be- 
tween dimethylamine and 1 ,2-dibromoethane proceeded rapidly 
at 30-40°. M.p., 300° (decomposition starting at 270°); picrate 
salt m.p., 300°. 

(2-Bromoethyl)triethylammonium Bromide—The reaction be- 
tween triethylamine and 1 ,2-dibromoethane proceeded slowly at 
90°. M.p., 251-253°; picrate salt m.p., 171°. 

(2-Bromoethyl)tributylammonium Bromide—In a reaction be- 
tween tributylamine and 1,2-dibromoethane at 60° for 2 days 
an oily product, immiscible with toluene, was formed. Because 
of steric hindrance of the tributylamine group, it was assumed 
that only (2-bromoethy])tributylammonium bromide could have 
been formed. This product showed no biological activity and 
was not further analyzed. 

(2- Bromo -n-propyl)trimethylammonium Bromide—1,2 - Di- 
bromo-n-propane and trimethylamine were mixed in toluene and 
incubated at 40° overnight for the preparation in only 10% yield 
of a salt which was much more soluble in ethanol than (3-bromo- 
n-propy])trimethylammonium bromide. M.p., 145-150°; picrate 
salt m.p., 300° (decomposition starts at 295°). From the method 
of preparation, it was assumed that the product was predomi- 
nately (2-bromo-n-propyl)trimethylammonium bromide. Se- 
vere steric hindrance should have prevented the formation of 
(2-bromoisopropy])trimethylammonium bromide. 

(4-Bromo-n-butyl)trimethylammonium Bromide—The reaction 
of trimethylamine with excess 1,4-dibromo-n-butane was rapid 
and complete at 10°. The reaction product was assumed to 
consist primarily of (4-bromo-n-butyl)trimethylammonium bro- 
mide. On the other hand, as expected because of steric hin- 
drance, the reactions of trimethylamine with excess 1 , 2-dibromo- 
isobutane and 1,2-dibromo-n-butane were slow with low yields. 
All three reaction products were biologically inactive at high 
concentrations and, therefore, were not further purified. 

(3-lodopropyl)trimethylammonium Iodide—Trimethylamine re- 
acted with 1 ,3-diiodopropane at about 5°. The yield was about 
96%. M.p., 219-220° (decomposes) ; picrate salt m.p., 116—-117°. 

(Ethyl)trimethylammonium Bromide—This product was pre- 
pared by the reaction of ethyl bromide with trimethylamine, but 
the product was so extremely hydroscopic that a melting point 
was not run. 

(Bromomethyl)trimethylammonium Bromide—The reaction of 
trimethylamine with excess dibromomethane (redistilled) was 
rapid and exothermic at 40° requiring temperature control by a 
cold water bath. The yield was 98%. M.p., 165-170°; picrate 
m.p., 236-238°. 

(2,3-n-Propylene)trimethylammonium Bromide or Chloride— 
Trimethylamine reacted with allylbromide in toluene at —10° 
to yield (2,3-n-propylene)trimethylammonium bromide in al- 
most 100% yield. M.p., 168-169°; picrate salt m.p., 218-220°. 
Trimethylamine reacted with allylchloride in toluene at 80° to 
produce the corresponding chloride salt in 70% yield. (2,3-n- 
Propylene)trimethylammonium bromide was also prepared by 
dehalogenation of bromide 
in alcoholic KOH. In the latter case the product was soluble in 
alcohol at room temperature while KBr, which was also formed 
in the reaction, was insoluble and could be removed by filtration. 
Infrared analyses of (2,3-n-propyl)trimethylammonium bromide 
indicated the presence of the expected unsaturated bond. 

All other chemicals listed in Table I were obtained from com- 
mercial sources and were used without additional purification. 


Greenhouse Procedure and Bioassay 


About 15 to 20 Thatcher wheat plants were grown in 8-inch 
clay pots containing a nearly equal mixture of sand and loam 
soil with some peat moss. The greenhouse temperatures were 
13° + 1.6° at night and 15-21° during the day. Supplemen- 
tary light from 500-watt incandescent bulbs extended the day 
length to 16 hours. The plants were treated once at 11 days 
after planting, at which time the second leaf was visible but the 
stem between the first and second leaf bases had not yet devel- 
oped. Treatment consisted of one application of 500 ml of solu- 
tion poured on the soil of each pot. Two weeks after treatment, 
the distance from the base of the first leaf blade to the base of the 
second leaf blade for each plant was measured in mm and ex- 
pressed as percentage of the control. The distance between the 
first two leaves of the untreated controls was generally about 32 
mm. After some chemical treatments, negative values for this 
measurement were recorded to indicate the distance in mm that 
the base of the second leaf blade lay below the base of the first 
leaf blade. In these cases the base of the second leaf blade had 
forced its way out through the sheath of the first leaf. 


RESULTS 


After treatment of plants with small amounts of (2-chloro- 
ethyl)trimethylammonium chloride, the most characteristic de- 
velopment was growth with shorter stems (Table I). With 
wheat plants the stems were also thicker and the leaves broader 
and greener.?, Low concentrations of the compounds which in- 
duced these alterations in growth of wheat did not cause a de- 
crease in weight of the plant.2, Thus, the action of these com- 
pounds on plants was characteristic of a growth substance. 

In Table I are listed the compounds which have been tested in 
the wheat seedling assay during the winter and spring of 1958 
to 1959. For each compound, the lowest concentration which 
produced a shorter stem is reported last, while a 10-fold dilution 
was inactive. For most of the inactive compounds, only the 
effect from the highest molarity which was tested is reported 
when all lower concentrations were without effect. Because of 
biological variations, the results are probably not reproducible 
within +10%. <A lower percentage reduction in stem length 
would be obtained at the higher light intensity obtained in the 
greenhouse after April.? Slight reduction in stem length by 
many compounds at 10-? or 10-* m appeared to result more from 
toxicity than from a hormone action related to that of (2-chloro- 
ethyl)trimethylammonium chloride. 

Variations in Structure—(a) A trimethylammonium cation in 
the molecule was essential for activity. Although (2-bromo- 
ethyl)trimethylammonium bromide was active at 10-* m, the 
corresponding (2-bromoethyl)dimethylammonium bromide, (2- 
bromoethyl)methylammonium bromide, or (2-bromoethy])tri- 
ethylammonium bromide were completely inactive but nontoxic 
at 10-2 m. Likewise, (ethylene)trimethylammonium bromide 
showed some activity at 10-4 m, but (ethylene)triethylammonium 
bromide was inactive at 10-2 m. The data suggest that the com- 
pounds are effective at an enzymatic site specific for the tr- 
methylammonium group. 

(b) For optimal activity, the length of the carbon chain which 
contains the covalent attached halide should be two carbons. 
Whereas (2-bromoethyl)trimethylammonium bromide was very 
active at 10-* m, the propyl compound, (3-bromo-n-propy))- 
trimethylammonium bromide, was active at 10-? and 10-* , 
which is about one-thousandth of the activity of the ethyl de- 
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TABLE I 
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Relationship of structure to activity by wheat stem bioassay 


Compound Molarity Control* 
% 
(2-Chloroethyl)trimethylammonium chlo- 10-2 —10 
ride, CH2CI—CH2N(CH;);-Cl 10-3 4 
10-4 21 
10-5 45 
10-6 70 
(2-Bromoethyl])trimethylammonium bro- 10-2 10 
mide 10-3 18 
10-4 26 
10-5 50 
10-6 68 
(Bromomethy])trimethylammonium _ bro- 10-2 16 
mide 10-3 27 
10-4 45 
10-5 74 
(Ethyl)trimethylammonium bromide 10-2 26 
10-3 44 
10-4 64 
Tetramethylammonium chloride 107? 82 
Tetramethylammonium bromide 10-2 
Trimethylammonium chloride 10-2 104 
Ethylammonium chloride 10-2 107 
(2-Bromoethy])dimethylammonium 10-2 94 
bromide 
(2-Bromoethy])triethylammonium 10°? 95 
bromide | 
(2-Bromoethy])tri-n-butylammonium 10-2 toxic 
bromide 10-3 93 
(Ethylene)trimethylammonium bromide, 10-2 necrosis 
CH.—CH—N (CH;);: Br 10-3 71 
10-4 78 
(Ethylene)triethylammonium bromide 10-2 93 
(2-Bromo-n-propy])trimethylammonium 10-3 38 
bromide 10-* 54 
10-5 73 
(3-Bromo-n-propy])trimethylammonium 10-2 59 
bromide 10-3 76 
10-¢ 73 
(2,3-n-Propylene)trimethylammonium 10° 13 
bromide 10-3 34 
10-4 32 
10-5 75 
10-6 84 
(2-Bromo-n-butyl)trimethylammonium 10-3 73 
bromide 
(4-Bromo-n-butyl)trimethylammonium 10-3 100 
bromide 
(3,4-n-Butylene)trimethylammonium 10-3 80 
bromide 10-4 90 
(2,3-n-Butylene)trimethylammonium 10-3 71 
bromide 10-4 78 
(2-Bromoisobuty])trimethylammonium 10-3 108 
bromide 
(Isobutylene)trimethylammonium 10-3 100 
bromide 
(3-lodo-n-propy]l)trimethylammonium 10-3 toxic 
iodide 10-4 100 
(2,3-n-Propylene)trimethylammonium 10-3 toxic 
iodide 10-4 77 
10-5 92 
(Benzyl)trimethylammonium chloride 10-2 105 
10-2 96 


Choline 


TABLE I—Concluded 


Compound Molarity Control* 
% 
Betaine 10-2 97 
1,2-Dichloroethane 10-2 106 
1,2-Dibromoethane 10-8 necrosis 
10-4 104 
1,2-Dibromoethylene 10-3 110 
Thymohydroquinone 10-3 toxic 
10-¢ 66 
10-5 105 
Thymoquinone 10-3 toxic 
10-¢ 95 
10-3 102 
phenyl, 1-piperidinecarboxylate methyl- 
chloride or AMO 1618 
Benzyltributyl phosphonium chloride 10-3 96 
Tributyl-2,4-dichlorobenzylphosphonium 10-3 85 
chloride 


 * Length between the bases of first and second leaf blades 2 
weeks after treatment. 


rivative. However, if the halide remained on carbon 2 of the 
propyl chain, as in (2-bromo-n-propyl)trimethylammonium 
bromide, the compound was more active, but not as active as 
the ethyl derivative. When the length of the halogenated car- 
bon chain was extended to four carbon atoms, only a high con- 
centration of (2-bromo-n-butyl)trimethylammonium bromide 
showed a small amount of activity on wheat. The 4-bromo-n- 
butyl and 2-bromo-isobuty] derivatives were inactive. 

With (bromomethy])trimethylammonium bromide, the length 
of the halogenated carbon chain was reduced to one. This deriv- 
ative was active at 10-4 to 10-5 m, which represented one- 
tenth to one-hundredth of the activity of the bromoethyl deriva- 
tive. Nevertheless, this is still a rather active derivative. 

(c) Although both the 2-chloroethyl and the 2-bromoethy]l 
derivatives were extremely active, the 2-chloroethyl derivative 
was somewhat more active at higher concentrations than the 
2-bromoethyl compound. Neither compound was toxic to the 
wheat plants at 10-* m. lIodo and fluoro substitution on the 
ethyl derivatives have not yet been tested. The only iodo deriv- 
ative, (3-iodo-n-propyl)trimethylammonium iodide, which has 
been tested, was toxic at 10-* m and was without effect at lower 
concentrations where it was not toxic. This result is to be com- 
pared to the corresponding (3-bromopropyl) compound which 
was slightly active and not toxic. These data suggest that other 
iodo compounds, when available for testing, may be toxic and 
useful as weed-killing substances. The (2,3-n-propylene)tri- 
methylammonium iodide salt, which was prepared by dehalo- 
genation, was also toxic at 10-* m, whereas the corresponding 
bromide salt was not toxic. Thus the toxicity of the iodide 
compound was in part caused by the quaternary ammonium 
iodide salt. 

(d) If the structure of the (2-chloroethyl)trimethylammonium 
cation is written (CH3);N+t—CH:—CH2X, X may be a chloro, 
bromo, or =—CHz: substituent. All activity was lost if this 
—CH2X group was a carboxyl group as in betaine, an alcohol 
group as in choline, or an alcohol phosphate ester as in phos- 
phorylcholine. When the halide was replaced by a hydrogen 
as in (ethyl)trimethylammonium bromide, there was only about 
one-hundredth of the activity in the preparation. A related 
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compound, tetramethylammonium bromide, from a commercial 
source, was without any activity. 

When the halide was removed from (2-bromoethy]l)trimethyl- 
ammonium bromide by dehalogenation with alcoholic KOH, the 
resulting product, (ethylene)trimethylammonium bromide, pro- 
duced only traces of activity in the bioassay. (Ethylene)tri- 
methylammonium bromide was toxic to young wheat seedlings 
at 10-2m. The toxicity symptoms were complete loss of chloro- 
phyll, cessation of growth for a week, and die-back of leaves 
which were present at the time of treatment. Later, there was 
good recovery in new leaves and unhindered growth of the plant. 

If the halide, X, in the (2-chloroethyl)trimethylammonium cat- 
ion was replaced by a methylene group, the compound, (2,3-n- 
propylene)trimethylammonium salt, was as active as (2-chloro- 
ethyl)trimethylammonium chloride. Treatment of wheat with 
low concentrations of 10-‘ to 10-* m of this propylene derivative 
promoted dark green leaves and very sturdy growth without 
excess reduction in height of the plants. Therefore (2,3-n-pro- 
pylene)trimethylammonium bromide has been used extensively 
in further experiments on plant growth,” * because of its ease of 
preparation from allylbromide, its great activity at low concen- 
trations, and the possibility that it would be more likely to occur 
naturally in plants than the 2-chloroethyl derivative. The ac- 
tivity of (2,3-n-propylene)trimethylammonium bromide is in 
contrast to the inactivity of (ethylene)trimethylammonium bro- 
mide, or to unsaturated butyl derivatives prepared from the de- 
halogenation of (4-bromo-n-butyl)trimethylammonium bromide 
or (2-bromoisobuty]l)trimethylammonium bromide. 

Activity of Related Compounds++The shorter and stockier type 
of plant which resulted from the action of (2-chloroethy])tri- 
methylammonium chloride and related compounds has also been 
reported after treatment of plants with a wide variety of other 
compounds. The activity of some of these compounds and of a 
number of precursor compounds of (2-chloroethyl)trimethylam- 
monium chloride or (2-bromoethy])trimethylammonium bromide 
were tested for similar growth-regulating activity. Some of these 
results are tabulated in Table I and are categorized as follows. 

(a) The free amines, trimethylamine, dimethylamine, mono- 
methylamine, and triethylamine were all without effect. 

(6) KBr, 1,2-dichloroethane, 1,2-dibromoethane, dibromo- 
methane, 1,3-dibromopropane, 1,3-diiodopropane and 1,2-di- 
bromoethylene were all inactive in the bioassay of stem length of 
Thatcher wheat. 1,2-Dibromoethane at 10-* m and dibromo- 
methane at 10-? m killed the plants when applied to the soil, but 
they had no effect at lower concentrations. Dichloroethane and 
the other compounds mentioned were not toxic at 10-? m. 

(c) Thymohydroquinone and thymoquinone were recently re- 
ported as chemicals which cause wheat to grow with shorter 
distances between the leaf bases (6). The structure of thymo- 
hydroquinone, 2-isopropyl-5-methylhydroquinone, seems to be 
in no way related to (2-chloroethy])trimethylammonium chloride, 
so it is doubtful whether such compounds would influence plant 
growth in the same way. Water-saturated solutions of thymo- 
hydroquinone or thymoquinone® (less than 10-? m), when ap- 
plied in the assay with Thatcher wheat, proved to be extremely 
toxic and caused immediate damping-off of the plants at the 
soil line. A 10-* m solution resulted in shortening of the stem 
length, but the whole plant was dwarfed and did not grow well. 
At 10-* m neither compound showed appreciable activity. 


5 Prepared by H. M. Sell of this department. 
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(d) The naturally occurring amines which have been tested 
were all inactive. These compounds were histamine, putrescine, 
spermine, and spermidine. 

(e) AMO 1618, 
1-piperidinecarboxylate methylchloride, and AMO 1619 have 
been described as plant growth substances which promote shorter 
stems when applied to chrysanthemums and certain related 
plants (7-9). AMO 1618 is not structurally similar to (2-chloro- 
ethyl)trimethylammonium chloride, but the growth changes in 
certain plants after treatment with either of these two chemicals 
were quite similar. Both compounds promoted short stem 
growth, and in both cases these growth changes were reversed 
by gibberellin. However, AMO 1618 at 10-* m was not active 
in the assay with wheat, but, as previously reported, it was ac- 
tive for controlling height of chrysanthemums. On the other 
hand, (2-chloroethyl)trimethylammonium chloride was active 
for shortening the peduncle length during flowering of chrysan- 
themums only when used at 10-? Mm, and it was not as effective as 
AMO 1618. 

(f) Benzyltributy] phosphonium chloride and tributyl-2, 4-di- 
chlorobenzyl phosphonium chloride, which have been used to 
dwarf plants,’ were inactive at 10-* m in the wheat bioassay. 

(g) Extensive tests have been conducted on a, a-dichloropro- 
pionic acid and its salts as selective herbicides which act to in- 
hibit plant growth by shortening the stem and creating a dwarf 
plant (10). In the wheat assay of the present investigation, a 
10-? m solution killed the plants, 10-3 and 10-4 m solutions stunted 
the plants, and 10-5 m application was without effect. 

The effects obtained on wheat with the chemicals described in 
this section appeared to be largely an inhibition of growth or a 
toxic action. (2-Chloroethyl)trimethylammonium chloride was 
effective on wheat at much lower concentrations than these other 
substances, and it induced growth of shorter plants without loss 
of weight.2, High concentrations of (2-chloroethyl)trimethyl- 
ammonium chloride will also produce dwarf plants. 


DISCUSSION 


The mode of action of (2-chloroethyl)trimethylammonium 
chloride as a plant growth substance is unknown. A high speci- 
ficity of structure for biological activity has been demonstrated 
which suggests that these substances act by attachment to an 
equally specific site. By analogy from cholinesterase inhibitors 
(11), this site may be postulated as a protein surface with two 
binding positions for the molecule, (CH3)s;N+CH:—CH2X. One 
site may be specific for the trimethylammonium cation; the sec- 
ond site would be located about the length of the ethyl carbon 
chain away from the first site. A chloro, bromo, or —CH:2 group 
in the compound located over this second site would induce ac- 
tivity. The substitution of X by other groups with similar 
electron density may also produce active compounds. 

(2-Chloroethyl)trimethylammonium chloride is structurally 
related to choline in that the —OH group has been replaced by a 
halogen. Therefore it is known to be a competitive inhibitor of 
cholinesterase (2). However, there is no evidence for cholines- 
terase in higher plants. Thus, there is no support at present for 
a hypothesis that (2-chloroethyl)trimethylammonium chloride 
acts as a plant growth substance by influencing this enzyme. 


*R.S. Lindstrom and N. E. Tolbert, unpublished experiments. 
7™Technical information on ‘‘Phosphon,’’ Virginia-Carolina 
Chemical Corporation, Richmond, Virginia. 
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Choline is also involved in lipid metabolism and methylation 
reactions. Alteration of either of these processes might result in 
altered cell development which would lead to shorter and stockier 
plant growth as has been observed. 

The toxicity of the compounds has not been extensively in- 
vestigated. When (2-chloroethyl)trimethylammonium chloride 
was tested by the Cancer Chemotherapy National Service Center, 
4 Swiss mice survived out of 6 after 7 days of intraperitoneal in- 
jections of 50 mg per kg per day. 


SUMMARY 


Compounds of the structure (CHs)s;\N*CH2—CH2X were ac- 
tive as plant growth substances when X was a Cl, Br, or =CH: 
group. The trimethylammonium cation was necessary for ac- 
tivity, and the ethyl carbon chain with the substituent X was 
optimal in length for maximal activity. Solutions of (2-chloro- 
ethyl)trimethylammonium chloride, (2-bromoethy])trimethyl- 
ammonium bromide, and (2,3-n-propylene)trimethylammonium 
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bromide were active at 10-* m when one application was poured 
on the soil. Treated wheat plants grew with shorter stems than 
control plants. 
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The isolation of three cobamide coenzymes has been briefly 
reported (1, 2). Methods used in the assay and purification of 
the adenylecobamide coenzyme have been described in some de- 
tail (3). This paper describes methods used in the isolation of 
the benzimidazolylcobamide and 5,6-dimethylbenzimidazolyl- 
cobamide coenzymes, both of which have been obtained as 
crystalline products. Some properties of the coenzymes are also 
reported. 


EXPERIMENTAL 


Materials and Methods 


Bacteria—Clostridium tetanomorphum strain H1 and Propioni- 
bacterium shermaniti ATCC 9614 were used as sources of the 
coenzymes. C. tetanomorphum was grown in a glutamate-glu- 
cose-yeast extract medium (3), modified by the inclusion of 10-4 
mM benzimidazole or its 5,6-dimethy] derivative as required. 
P. shermanii was grown under anaerobic conditions in a medium 
containing glucose, cornsteep liquor, cobaltous nitrate, and 
buffer... To avoid excessive acidification of the medium during 
fermentation, the culture was stirred continuously and was neu- 
tralized at least twice daily to pH 7.6 with 2N NaOH. Cultures 
were incubated for 4 to 6 days at 30° before harvesting the cells 
with a Sharples centrifuge. The cell paste was frozen as soon as 
it was removed from the centrifuge and was stored at —10° 
until used. 

Chemical and Physical Methods—Most of the methods used in 
this investigation have already been reported (3). Additional 
methods are described or referred to in appropriate sections of 
the text. 

Coenzyme Activity Assay—The activity of cobamide coenzyme 
preparations was estimated by the spectrophotometric assay, 
based on the catalytic function of the coenzymes in the enzy- 
matic conversion of glutamate to mesaconate (3). Activity 


* This investigation was supported in part by research grants 
from the National Institutes of Health (E-563), United States 
Public Health Service, and the National Science Foundation 
(G-7500), and a research contract with the Atomic Energy Com- 
mission. 

+ Investigator, National Heart Institute, National Institutes of 
Health. 

t Permanent address, Division of Soils, C.S.1.R.O., Adelaide, 
South Australia. 

§ Present address, Scripps Institution of Oceanography, Uni- 
versity of California, La Jolla, California. 

1 P, shermanii was grown in a commercial laboratory and conse- 
quently the exact composition of the medium is not available. 
The culture conditions were generally similar to those described 
by Leviton and Hargrove (4) and by Hinz (5) for the synthesis of 
vitamin Biz by propionic acid bacteria. 


measurements can be used to determine coenzyme concentration 
by direct comparison with the activity of a sample of purified 
coenzyme of known concentration. Without such a standard 
only relative coenzyme concentration can be determined. The 
molar activities of the BC? and DBC coenzymes are approxi- 
mately 5 and 0.1 times as great, respectively, as that of the AC 
coenzyme (see Table VI). These relative molar activities are 
applicable only when activity comparisons are made with data 
obtained from the linear portion of the rate-coenzyme concen- 
tration curves. 

Estimation of Coenzyme Concentration—The concentration of 
purified coenzyme preparations, containing only a single colored 
component, was estimated by absorbancy measurements at 519 
my or 261 my for the BC coenzyme and at 522 my or 260 mu 
for the DBC coenzyme in 0.01 m potassium phosphate buffer, 
pH 6.7 to 6.8. The corresponding molar extinction coefficients 
are given in Table V. 


Isolation of Coenzymes 


The BC and DBC coenzymes were isolated by small modifica- 
tions of the methods used to obtain the AC coenzyme (3). The 
former coenzymes are slightly less basic than the AC coenzyme 
and therefore are eluted from a Dowex 50, pH 3 column some- 
what more rapidly by a sodium acetate buffer between pH 6 and 
7. Also, the BC and DBC coenzymes, unlike the AC coenzyme, 
crystallize readily from water or water-acetone mixtures. 

All operations were carried out in the dark or in very dim 
light. The temperature of solutions was kept at 0—4°, except 
that phenol extractions were done at room temperature, 15—23°. 

BC Coenzyme—As starting material, 3.86 kg of frozen cells of 
C.. tetanomorphum, grown in the presence of benzimidazole, were 
used. 

The first four steps (ethanol extraction, treatment with Dowex 
50-Na*+, treatment with Dowex 2-OH-, and phenol extraction 
and displacement back into water) were done as previously de- 
scribed (3). The resulting aqueous solution contained 59 
pmoles of coenzyme in 70 ml. The solution was acidified to 
pH 3.2 with 7 ml of 1 N HCl and was then diluted to 400 ml to 
reduce the salt concentration. 

The acidified coenzyme solution was passed into a 1 cm diam- 
eter X 80 cm high column of Dowex 50, pH 3, 2% cross linked, 
200 to 400 mesh, prepared as previously described (3). After 
collection of the “pass through” solution (Fractions 1 to 37), the 
column was eluted first with 0.03 mM sodium acetate, pH 5.2 


2 The abbreviations used are: BC, benzimidazolylcobamide; 
DBC, 5,6-dimethylbenzimidazolylcobamide; AC, adenylcoba- 
mide. 
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(Fractions 38 to 134), and then with 0.03 m sodium acetate, pH 
6.2 (Fractions 135 to 240). The volume of each fraction was 
about 16 ml. The coenzyme eluted in a well isolated and rather 
symmetrical 260 my absorbancy peak located between Fractions 
175 and 195 (Fig. 1). The peak fractions were reddish orange in 
color. 

Coenzyme activities of alternate peak fractions were deter- 
mined and their apparent specific activities were calculated. 
The results (Table I) show that the fractions containing rela- 
tively high concentrations of cobamide had fairly constant ap- 
parent specific activities, indicating that they were relatively 
homogeneous with respect to light-absorbing components. 

Fractions 178 through 193, containing an estimated 53 uwmoles 
of BC coenzyme in 284 ml, were combined and the coenzyme 
was extracted into phenol and displaced back into water by the 
addition of ether-acetone (3). The resulting solution, containing 
48 umoles of coenzyme in a volume of 8 ml, was placed in a 


Fig. 2. Crystals of the BC and 


DBC coenzymes. 
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TABLE I 


Properties of benzimidazolylcobamide coenzyme peak fractions from 
Dowex 50, pH 3 column 3 


Fraction Total cobamide* Apparent specific activityt 
pmoles/ml activity units/ymole 
173 0.049 60 
175 0.027 390 
177 0.061 670 
179 0.131 870 
181 0.212 920 
183 0). 298 970 
185 0.314 960 
187 0.256 980 
189 0.138 1000 
191 0.062 820 
193 0.040 870 
195 0.033 800 
197 0.032 650 
201 0.036 470 
205 0.033 270 


* Calculated from the absorbancy at 261 my, assuming a molar 
extinction coefficient of 34.7 X 10° cm? per mole. 

1 Estimated from the spectrophotometric coenzyme activity 
assay and the cobamide concentration given in Column 2. The 
activity unit represents a change of 1 absorbancy unit per minute 
at 240 mu under the conditions of the assay (3). 


vacuum desiccator over concentrated sulfuric acid and left at 
4°. After 2 days the volume had been reduced to about 4 ml 
and the walls and bottom of the container were found to be 
incrusted with small rectangular or diamond-shaped crystals 
which were either red or yellow in color depending upon the 
angle of view (Fig. 2A). The solution was left under reduced 
pressure for another day during which time it concentrated to 
approximately 2.5 ml and additional crystalline material sepa- 
rated. The mother liquor was removed and the crystals were 


A shows the BC coenzyme obtained by slow evaporation of an aqueous solution 


at 4°. The crystals were washed with acetone and ether and photographed in the dry state. Magnification 340 X. B shows the DBC 
coenzyme crystallized from 87.5% acetone at 4°. The crystals were photographed in the mother liquor. Magnification 63 x. 
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TaBLeE II 


Isolation of benzimidazolylcobamide coenzyme from 
C. tetanomorphum 


Starting material: 3.86 kg of cell paste. 


Step | 
ml umoles 
1. Ethanol extraction................ 1,200 68.5 
2. Dowex 50-Na* treatment.......... 1,800 72.6 
3. Dowex 2-OH~ treatment.......... 2,200 75.5 
4. Phenol extraction................. 70 59.4 
5. Peak from Dowex 50, pH 3 column. 284 53.0 
6. Phenol extraction................. 8 48.4 
7. 41 


* Estimated by the spectrophotometric coenzyme assay by 
comparison with a purified sample of benzimidazolylcobamide 
coenzyme previously isolated. The apparent increase in the 
amount of coenzyme in Steps 2 and 3 is attributable to errors in 
the coenzyme assay caused by interfering substances in the 
cruder fractions. 


washed with 1 ml of 90% acetone, 1 ml of 100% acetone, and 
finally with several milliliters of ethyl ether. The solid material 
was placed in a vacuum desiccator for a few minutes to remove 
ether. The resulting product, which contained 11.8% moisture 
removable by prolonged drying under reduced pressure at 4° over 
P.O;, weighed 68.7 mg and was estimated to contain 38.2 wmoles 
of coenzyme. An additional 3 to 4 uwmoles of crystalline coen- 
zyme were later recovered from the mother liquor of the first 
crop of crystals. 

Table II gives data on the volume of solution and amounts of 
coenzyme at each step in the isolation. 

DBC Coenzyme—This coenzyme has been isolated both from 
C. tetanomorphum grown in the presence of 5,6-dimethylbenzi- 
midazole and from propionic acid bacteria (P. shermani or P. 
freudenreichit) grown without addition of dimethylbenzimidazole 
to the medium. Since propionic acid bacteria are a richer source 
of DBC coenzyme than the clostridium, and the same methods 
are applicable to both organisms, only the coenzyme isolation 
from P. shermanii will be described. 

Four kilograms of moist cells of P. shermanii were used. The 
first four steps in the isolation procedure were done as previously 
described. The aqueous solution obtained by phenol extraction 
and displacement of the active material back into water con- 
tained 440 umoles of coenzyme in 269 ml. The amount of co- 
enzyme was determined by activity assay on the assumption 
that the DBC coenzyme was the only coenzyme present. 

The aqueous solution was diluted to 600 ml and was acidified 
to pH 3.0 with 1 n HCl at 0° with continuous stirring. Approxi- 
mately 35 ml of acid were required. The solution was then 
diluted to 2 liters to reduce the salt concentration to about 
0.01 M. 

The diluted solution was passed into a 2 cm diameter X 80 cm 
high column of analytical grade Dowex 50W, pH 3, 2% cross 
linked, 200 to 400 mesh. The sample was washed into the 
column with a little water and then the column was eluted suc- 
cessively with 0.03 m sodium acetate, pH 5.5 (Fractions 80 to 
295), and 0.05 m sodium acetate, pH 6.4 (Fractions 296 to 440). 
The “‘pass through” and eluate were collected in 10-minute frac- 
tions with a volume of approximately 25 ml. The course of the 
elution was followed by absorbancy measurements at 260 mu. 
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After the appearance of several minor absorbancy peaks, coi- 
taining yellow, orange, or red components but no coenzyme a- 
tivity, the red coenzyme was eluted by the pH 6.4 buffer in a 
prominent absorbancy peak between Fractions 336 and 30 
(Fig. 3). At least two red compounds, probably hydroxocobala- 
min and factor B, remained on the column after elution of the 
coenzyme. 

Determinations of visible and ultraviolet absorption spectra 
and coenzyme activities of peak fractions indicated the major 
component was DBC coenzyme, slightly contaminated in the 
end fractions by small amounts of other cobamide coenzymes. 
Fractions 341 to 370, containing 415 umoles of coenzyme in 840 
ml, were combined and extracted three times with, successively, 
120, 50, and 40 ml of 92% aqueous phenol. After washing the 
combined phenol phase twice with 30 ml of water, the 158 ml 
of aqueous phenol containing the coenzyme were diluted with 3 
volumes of ethyl ether and 1 volume of acetone and extracted 
twice with 20 ml and twice with 10 ml of water. The combined 
aqueous phase, containing the coenzyme, was washed twice with 
20 ml of ether to remove phenol and was then aerated with N, 
to remove dissolved ether. The final solution was intensely red 
and contained 358 ywmoles of coenzyme, estimated by its ab- 
sorbancy at 522 muy, in 69 ml. 

The first crystals of DBC coenzyme were obtained by adding 
2.1 ml of acetone to 0.3 ml of the above solution, scratching the 
walls of the tube, and leaving the solution at 3°. After 3 days 
small clusters of crystals were found on the walls of the tube. 
Crystallization was also induced in another sample by allowing 
an aqueous solution of the coenzyme to concentrate slowly under 
reduced pressure at 3° for several days. 

After several trials with different methods of crystallization, 
the following procedure was found to be convenient and effective. 

The aqueous solution of the coenzyme was concentrated, if 
necessary, under reduced pressure at 4° over sulfuric acid until 
it was 0.005 to 0.01 m. Any crystals formed by excessive con- 
centration were dissolved in a minimum volume of water. To 
20 ml of the concentrated aqueous coenzyme solution in a glass- 
stoppered flask were added 100 ml (5 volumes) of acetone. 
After standing at 4° for 2 to 3 hours the solution was centrifuged 
for 10 minutes at 10,000 x g in stainless steel tubes to remove 
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Fic. 3. Isolation of DMBC (DBC) coenzyme on a Dowex 50W 
column. 
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any amorphous precipitate that was present. The clear super- 
natant solution was seeded with a microscopic amount of crystal- 
line DBC coenzyme and was allowed to crystallize over night at 
4°. Dark red crystals formed on the walls and bottom of the 
container (Fig. 2B). Usually one-third to one-half of the co- 
enzyme crystallized in this time. Another 40 ml (2 volumes) of 
acetone were added and the solution was left 4 or 5 days to 
crystallize. The course of crystallization was followed by meas- 
uring the absorbancy of the solution at 522 mu. The absorbancy 
gradually fell to 0.25, corresponding to a concentration of 3 X 
10-5 m. With an initial coenzyme concentration of 0.005 m, 
this corresponded to the crystallization of about 94% of the 
total cobamide. The supernatant solution was decanted and 
saved for recovery of a second crop of crystals. The crystals 
were washed twice with a few milliliters of cold 90% acetone, 
twice with 10% acetone, and twice with ethyl ether. During 
the acetone and ether wash most of the crystals separated from 
the glass and after removal of residual ether with a gentle stream 
of air, they were easily transferred to a weighing bottle. The 
coenzyme can be readily recrystallized by the same method. 

Table III summarizes the data on the isolation of the DBC 
coenzyme. 

With the use of the above crystallization method, 554 mg of 
crystalline DBC coenzyme were obtained in the first crop and 
an additional 24 mg were obtained in a second crop, once re- 
crystallized. Since the crystals contained 8.2% of moisture 
(see below) and since the molecular weight of the dry coenzyme 
was estimated to be approximately 1660, the total yield of crys- 
talline coenzyme corresponded to 320 umoles, or 80 umoles per 
kg of starting cell paste. 


Properties of Coenzymes 


Crystal Form and Color—The BC coenzyme crystallizes readily 
from water as small (<0.2 mm long) six-sided prisms with four 
rectangular and two diamond-shaped faces or as very small 
needles with blunt ends (Fig. 2A). The larger crystals are 
formed on the glass walls of the container near the surface of 
the liquid. Even with slow evaporation of an aqueous solution, 
much of the solid that forms is microcrystalline. Addition of 
85% acetone to an aqueous solution of the coenzyme also gives 
well formed but very small crystals. No method of recrystalli- 
zation has been found that consistently gives the larger perfect 
crystals such as are readily obtained with the DBC coenzyme. 

As previously mentioned, the crystals of the BC coenzyme are 
conspicuously pleochroic, appearing either yellow or red on the 
diamond faces depending on the angle of observation. The 
prism faces are always dark red. No detailed crystallographic 
study has been made of the BC coenzyme. 

The DBC coenzyme crystallizes less readily from water but 
much more readily from acetone-water solutions than the BC 
coenzyme. Two distinct types of DBC coenzyme crystals have 
been observed to form in acetone-water. Most commonly the 
coenzyme crystallizes in the shape of flattened diamonds that 
occur singly or in small aggregates (Fig. 2B). On a few occa- 
sions, however, rosettes of very small, radiating needle-shaped 
crystals have been observed. These appear to be more soluble 
than the larger diamond-shaped crystals because on long standing 
in contact with the mother liquor, they gradually disappear and 
are replaced by the latter. 

Crystals of the DBC coenzyme differ from those of the BC 
coenzyme by the absence of any readily observable pleochroism. 
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TABLE III 


Isolation of 5,6-dimethylbenzimidazolylcobamide coenzyme 
from P. shermanii 


Starting material: 4.0 kg of cell paste. 


Vol i 
Step | 
ml pmoles 
1. Ethanol extraction.............. 3,000 not determined 
2. Dowex 50-Na* treatment........ 3,450 not determined 
3. Dowex 2-OH- treatment........ 3,940 520 
4. Phenol extraction............... 269 440 
5. Peak from Dowex 50, pH 3 col- 
6. Phenol extraction............... 69 358 
7. Crystallization.................. 321 
They are uniformly red in color. Pleochroism in this compound 


is only apparent when the crystals are viewed by polarized light. 

A crystallographic study of the DBC coenzyme is reported by 
Mattern (7). 

Homogeneity of Crystalline Coenzymes—Crystallinity is not 
necessarily an indication of purity of a cobamide since some 
crystalline preparations of cobamide vitamins have been shown 
by ionophoresis to contain more than one component (8). Con- 
sequently, further evidence of the homogeneity of the coenzymes 
was sought by the use of paper ionophoresis, paper chromatog- 
raphy, and a solubility test. 

Paper ionophoresis has been done with Whatman No. 1 paper 
with acid, neutral, and alkaline solvents. The acidic solvent, 
consisting of 0.5 m acetic acid, gives the greatest mobility, with 
both coenzymes. When 0.02 umole of DBC coenzyme is used, 
the material moves as a single reddish-orange and ultraviolet- 
absorbing spot toward the cathode at a rate of approximately 
12.8 cm per hour in a potential gradient of 40 volts per cm. 
Under the same conditions the BC coenzyme moves a little 
faster, 13.8 cm per hour. No evidence of a second component 
could be observed with either coenzyme under any of the condi- 
tions tested. 

Paper chromatography of the BC and DBC coenzymes on 
Whatman No. 1 filter paper by the descending method, with a 
sec-butanol-glacial acetic acid-water (100:3:50 by volume) sol- 
vent for 20 hours at room temperature, showed the presence of 
only one visibly colored or ultraviolet-absorbing spot in each 
preparation. The R, values were 0.16 and 0.22, respectively, for 
the BC and DBC coenzymes. By comparison on the same 
chromatogram, the Rr values of cyanocobalamin and the AC 
coenzyme were 0.34 and 0.09, respectively. 

The solubility test for purity consisted of adding successive 
amounts of crystalline DBC coenzyme to water until the total 
quantity exceeded the solubility of the coenzyme by about 60%. 
After each addition, the solution was shaken until equilibrium 
was reached and the absorbancy of the solution at 260 mu was 
determined. Fig. 4 shows that no significant increase in absorb- 
ancy occurred after the solution became saturated with coen- 
zyme. This indicates that the crystalline DBC coenzyme con- 
tains less than 2% of ultraviolet light-absorbing impurities. 

Stability—The dry crystalline coenzymes are moderately sta- 
ble. No changes in spectrum or activity have been detected in: © 
samples stored several months at —10° or several days at room 
temperature. Solutions of the coenzymes appear to be most 
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Fic. 4. Solubility test of homogeneity of the DBC coenzyme. 
Progressively larger amounts of crystalline DBC coenzyme were 
added to 1 ml of water at 24° + 0.5°. After stirring the solution 
for 15 minutes and centrifuging down any remaining solid ma- 
terial, aliquots of 5 ul were diluted to 1.00 ml in 0.01 m KPO, buffer, 
pH 6.8, and the concentration of the original solution calculated 
from the absorbancy of the diluted sample at 260 my. 


stable at pH 6 to 7. Neither coenzyme is appreciably inacti- 
vated by heating for 20 minutes at 100° in a 0.01 m sodium 
acetate buffer, pH 6.0, or by storage in dilute neutral solution for 
several months at —10°. As previously noted, the BC and DBC 
coenzymes are more stable under acid conditions than the AC 
coenzyme (2). Nevertheless, heating in 0.07 n HCl at 85° 
causes slow inactivation; in one experiment the BC coenzyme 
ost 8% of its activity during 5 minutes under these conditions. 


Vol. 235, No. 2 


TaBLe IV 
Solubility of benzimidazolylcobamide and 
§ ,6-dimethylbenzimidazolylcobamide 
coenzymes 
Finely powdered crystalline coenzyme was allowed to remain in 
contact with the indicated solvents, with occasional shaking, until 
the absorbancy of the supernatant solution became constant. 
This required 1 to 2 hours at room temperature and 1 to several 
days in the refrigerator. Coenzyme concentration was calculated 
from absorbancy readings at 519 my and 522 my for the BC and 
DBC coenzymes, respectively. The temperature indicated in 
brackets is that when the last two samples were taken for ab- 
sorbancy readings. It is accurate to +1°. The concentration of 
the acetone-water solutions is expressed in volumes % of acetone. 


Acetone-water 
Water 
83.3% 87.5% 


Coenzyme 


pmole/ml 
0.077 (1°) 


pmole/ml 
0.015 (1°) 


pmoles/ml 
BC 1.23 (22°) 
0.50 (1°) 
16.4 (24°) 
6.4 (1°) 


DBC 0.052 (1°) 0.0085 (1°) 


The great instability of solutions of the BC and DBC coen- 
zymes under exposure to light or cyanide ion has already been 
reported (2). Either treatment causes a loss of activity and a 
dramatic change in the adsorption spectrum. The rates of 
decomposition increase with light intensity or cyanide ion con- 
centration. These effects will be discussed more fully in a sub- 
sequent paper. 

Solubility—The coenzymes show a solubility pattern similar 
to that of cyanocobalamin. They are rather soluble in water, 
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Fic. 5. Absorption spectra of 2.80 X 10-5 m BC coenzyme and 2.10 X 10-§ m DMBC (DBC) coenzyme in 0.01 m potassium phosphate 


buffer, pH 6.8. 
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ethanol, and phenol, but insoluble in acetone, ether, dichlorethy]- 
ene, dioxane, and other relatively nonpolar solvents. 

Data on the solubility of the coenzymes in water and acetone- 
water solutions are given in Table IV. Noteworthy is the rather 
striking difference between the solubility of the two coenzymes 
in water at room temperature. The relative ease with which 
the BC coenzyme can be crystallized from water is a reflection 
of its lower solubility in this solvent. 

Absorption Spectra—Fig. 5 shows absorption spectra of solu- 
tions of crystalline BC and DBC coenzymes. The compounds 
have very similar spectra. The most distinctive difference be- 
tween the two spectra is the position of the rather inconspicuous 
inflection on the side of the main absorbancy peak. With the 
BC coenzyme, this inflection comes at 280 mu, whereas with the 
DBC coenzyme it is located at 288 mu. There are also some 
other small differences between the two spectra. The BC co- 
enzyme has maxima at 261 and 519 my whereas the correspond- 
ing maxima of the DBC coenzyme are at 260 and 522 mu. 
The BC coenzyme also has an inconspicuous maximum at about 
305 my which is lacking in the other compound. Both of these 
coenzymes differ from the AC coenzyme by their much redder 
color in neutral solution, by the position of the broad maximum 
in the visible region close to 520 my rather than at 458 my, 
and by other features. 

Molar Extinction Coefficients—Treatment of any one of the 
cobamide coenzymes with 0.1 m KCN for 60 minutes at 25° causes 
the formation of a product with an absorption spectrum above 
350 my characteristic of the dicyanocobamides (1, 2). By mak- 
ing the assumption (see below) that the molar extinction coeffi- 
cient of the 367 my peak of the product formed in this way from 
a cobamide coenzyme is the same as that of cyanocobalamin in 
the presence of 0.1 m KCN, namely 30.4 x 10-§ cm? per mole, 
the molar concentration of a coenzyme solution can be calculated. 
Knowing the concentration, the molar extinction coefficients of 
the coenzyme at various wave lengths can be estimated from its 
absorption spectrum in the absence of cyanide. 

Table V gives the millimolar extinction coefficients of the BC, 
DBC, and AC coenzymes in neutral solution and in 0.1 m KCN, 
estimated by the above method. A comparison of the extinc- 
tion coefficients of the three coenzymes in the presence of cya- 
nide at 350, 367, 540, and 579 my, demonstrates that their spectra 
are very similar if not identical in this region. Cyanocobalamin 
in the presence of 0.1 m KCN also has the same spectrum above 
350 mu. The virtual identity of the spectra of all these com- 
pounds appears to be a consequence of the fact that excess cya- 
nide ion displaces the purine or benzimidazole moieties from the 
cobalto-corrin to form its dicyano derivative. This structure is 
evidently entirely responsible for the spectrum above 350 mu. 
The nucleotide bases absorb light of shorter wave lengths and 
only influence the spectrum above 350 my when they are able to 
form a coordinate linkage with the cobalt. Under these cir- 
cumstances, the assumption that the molar extinction coefficients 
of the cobamide coenzymes are the same as that of cyanocobala- 
min at 367 mu in 0.1 m KCN appears to be justified. Further 
evidence for the approximate correctness of this assumption is 
provided by analytical data on the phosphate and cobalt contents 
of the coenzymes (see below). 

Assuming the molar extinction coefficients given in Table V to 
be correct, the molecular weight of a coenzyme can be determined 
by measuring the absorbancy of a solution containing a known 
weight of the dry crystalline compound. Samples of the DBC 
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TABLE V 


Millimolar extinction coefficients of cobamide coenzymes in presence 
and absence of cyanide 


The BC and DBC coenzymes used for these determinations 
were the best crystalline preparations; the AC coenzyme was a 
highly purified noncrystalline preparation. All values are based 
on * at 367 my of 30.4 X 106 cm? per mole for the dicyanide 
derivative. The spectra of the coenzymes in 0.1 m KCN were 
taken after the reaction with cyanide was complete, as indicated 


by maximal formation of the peaks at 367, 540, and 979 my. 


ge M x 10¢ cm? per mole 
x BC coenzyme DBC coenzyme AC coenzyme 
0.01 m KPO« 0.1 m KCN (0.01 mw KPO«! 0.1 KCN (0.01 0.1 KCN 
pH 6.7 pH ~10 pH 6.7 pH ~10 pH 6.7 pH ~10 
mp 
230 25.2 
233 26.2 
239 26.7 
260 34.7 
261 34.7 
263 45.3 
264 28 .4 
268 22.7 29.0 
280 19.1 
288 18.1 
303 12.8 21.6 
306 13.3 9.65 10.6 
315 13.4 13.2 
327 6.9 4.3 
340 12.3 12.3 
390 14.9 14.6 14.7 
367 30.4 30.4 30.4 
375 10.2 10.9 9.0 
458 8.75 
519 7.65 
522 8.0 
540 8.5 8.6 8.5 
579 10.0 10.1 10.0 


coenzyme were dried for 2 hours in a vacuum over silica gel at 
56.5, 78.5, and 100°. The percentage weight loss was the same 
within experimental error at all three temperatures, the average 
being 8.2%. Solutions of the dried samples showed the same 
spectrum and the same specific activity in the coenzyme assay 
as the undried coenzyme. The molecular weight calculated from 
absorbancy measurements at six wave lengths on the three 
coenzyme samples dried at different temperatures was found to 
be 1660 + 20. 

The molecular weight of the BC coenzyme was estimated by 
the same method, with a sample of crystalline coenzyme dried to 
constant weight during 6 weeks in a vacuum over P.O; at 4°, 
to be 1,610 + 20. 

Elementary Analysis—Cobalt was identified in both the BC 
and DBC coenzymes by means of an x-ray fluorescence spectrom- 
eter (3). Quantitative cobalt estimations by the nitrosocresol 
method (9), after wet digestion with a mixture of nitric, per- 
chloric, and sulfuric acids (10), gave values of 0.93 and 0.95 atom 
of cobalt per mole of BC and DBC coenzyme, respectively, 
estimated spectrophotometrically. 

Total phosphate determinations by the method of Fiske and 
SubbaRow (11) after digestion with nitric and sulfuric acids and 
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hydrogen peroxide showed the presence of 0.97 and 0.98 atom 
of phosphorus per mole of BC and DBC coenzyme, respectively, 
estimated spectrophotometrically. 

No sulfur could be detected in 1.1 umoles of DBC coenzyme by 
the nitroprusside test (6) after sodium fusion. Under identical 


conditions 0.3 umole of thiamine gave a strong positive test for 


sulfur. 

Elementary analysis by a commercial laboratory of a sample of 
crystalline DBC coenzyme dried in a vacuum for 2 hours at 
56.5° gave the following results: C 53.5%, H 6.9%, N 14.9%. 
On the basis of the above analytical data and the assumption 
(see below) that the DBC coenzyme contains 18 atoms of nitro- 
gen, its empirical formula can be calculated to be approximately 
CisHi1s02nNisPCo. This formula gives a molecular weight of 
1701 which is 2.6% higher than the molecular weight of 1,660 
calculated from dry weight determinations and the molar ex- 
tinction coefficients given in Table V. If we assume the lower 
value is more nearly correct, we must reduce the number of 
oxygen atoms in the empirical formula by one or two and pos- 
sibly also reduce the number of C and H atoms. On this basis 
the formula C72-7sH112-11s019-20NisPCo appears to cover the range 
of possibilities. The corresponding minimal and maximal mo- 
lecular weights are 1636 and 1685, respectively. 

No C, H, and N analyses have been done on the BC coenzyme. 

Components—No cyanide could be detected in either coenzyme 
by the method of Boxer and Rickards (12). 

Adenine was identified and estimated semiquantitatively after 
acid hydrolysis of the BC coenzyme in the following manner. 

A sample containing 0.11 ymole of the coenzyme was hydro- 
lyzed for 60 minutes in 1 N HCl at 100°. After cooling, the 
solution was concentrated to dryness and the residue was dis- 
solved in a little 60% (volume per volume) ethanol. The ethanol 
extract was divided into two portions to one of which was added 
some adenine as an internal control. Both solutions and separate 
adenine, adenosine, and adenylic acid standards were chromato- 
graphed on Whatman No. 1 paper by the ascending method with 
a solvent containing 50% (volume per volume) ethanol and 50% 
aqueous 0.5 M sodium acetate, pH 7.2. When the paper was 
examined by ultraviolet light, a quenching spot appeared in the 
hydrolyzed sample at Rr 0.63 that did not separate from the 
added adenine, but readily separated from adenylic acid (Rr 
0.56) and adenosine (Rr 0.70). The quenching spots at Rr 0.63 
were eluted and their absorption spectra determined. The 
unknown showed a typical adenine spectrum in neutral solution 
with an absorbancy maximum at 260 my which shifted to 267 
my on addition of alkali. From the absorbancy at 260 muy in 
neutral solution, corrected for a suitable paper blank and for a 
60% recovery of an adenine standard, the yield of adenine was 
estimated to be 1.0 + 0.2 umole per umole of BC coenzyme 
hydrolyzed. - 

The presence of adenine in an acid hydrolysate of the DBC 
coenzyme was established by similar methods. In this case, a 
colorless compound with an absorbancy maximum at 260 my 
was separated from the other products of acid hydrolysis by 
means of a Dowex 50W, pH 3 column. The compound eluted 
with 0.03 m sodium acetate, pH 6, in a well defined peak which 
was only slightly contaminated by a faster moving red compound. 
The elution rate of the colorless compound was like that of 
adenine. The hydrolysis product was further identified as 
adenine by its absorption spectrum in neutral and alkaline solu- 
tion and by its Rr in paper chromatography. The yield of 
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adenine, calculated from the absorbancy at 260 my of the elu- 
tion peak fractions, was 0.92 mole per mole of DBC coenzyme. 

Benzimidazole was shown to be a component of the BC co- 
enzyme and 5,6-dimethylbenzimidazole of the DBC coenzyme. 
These compounds were separated from the corresponding co- 
enzymes by acid hydrolysis, alkalinization of the hydrolysate, 
and extraction of the heterocyclic base with chloroform. After 
removal of the organic solvent, the base was identified by is 
absorption spectrum, its fluorescence spectrum, and by paper 
chromatography. 

The experimental details of the identification of benzimidazole 
in the BC coenzyme are as follows: 

A sample containing 0.17 umole of BC coenzyme was dissolved 
in 0.6 ml of 6 N HCl and heated in an evacuated and sealed tube 
for 18 hours at 150°. The solution was transferred to a 10-ml 
beaker and dried under a stream of warm air. A little water 
was added and the solution was again evaporated to dryness to 
remove excess HCl]. The residue was dissolved in 1 ml of water, 
alkalinized with 0.01 ml of 10 wn KOH, and shaken with 12 ml of 
chloroform. The organic phase was transferred to a small 
beaker and the chloroform was removed by a stream of warm air. 
The residue was dissolved in a little ethanol, and an aliquot was 
used for ascending paper chromatography. A blue fluorescent 
spot corresponding to benzimidazole was observed at Ry 0.78, 
with sec-butanol-acetic acid-water, 100:3:50 by volume, as the 
developing solvent, and at Rr 0.72 with 0.1 N acetic acid as a 
solvent. Another aliquot was evaporated to dryness, dissolved 
in 0.1 N acetic acid, and its ultraviolet absorption spectrum de- 
termined. The spectrum was identical with that of benzimida- 
zole with characteristic absorption maxima at 239, 260, 266, and 
273 my, and a sharp minimum at 270 my. The fluorescence of 
the hydrolysis product was compared with that of benzimidazole 
with an Aminco spectrophotofluorometer. Both samples showed 
a strong fluorescence in 0.1 N acetic acid that was maximally 
activated by light at 272 my and was most intense at 365 mu. 
The fluorescence of both samples was quenched by addition of 
0.1 N HCl. 

The yield of benzimidazole, determined from the absorbancy 
at 273 my and the corresponding molar extinction coefficient of 
8100 cm? per mole, was 0.80 mole per mole of coenzyme. 

In the quantitative determination of benzimidazole or di- 
methylbenzimidazole, a standard of the appropriate benzi- 
midazole and a reagent blank were carried through the entire 
extraction and estimation procedure and used to determine 
appropriate corrections for the unknown sample. It was also 
determined that benzimidazoles are not appreciably decomposed 
under the conditions of acid hydrolysis employed. 

5 ,6-Dimethylbenzimidazole was identified as a product of acid 
hydrolysis of the DBC coenzyme by the same methods. The 
Ry of 5,6-dimethylbenzimidazole and the unknown was found 
to be 0.82 in sec-butanol-acetic acid-water and 0.60 in 0.1 N 
acetic acid. The spectra of both samples had absorption maxima 
at 245, 273, and 283 and a sharp minimum at 280 my. The 
fluorescence of both samples was maximally activated by light 
at 285 my and was most intense at 380 mu. 

The yield of 5,6-dimethylbenzimidazole formed by acid hy- 
drolysis of the DBC coenzyme, calculated from its absorbancy 
in 0.01 Nn HCl at 283 mu and the corresponding molar extinction 
coefficient of 8,100 cm? per mole, was 0.73 mole per mole of 
coenzyme. 

Relative Coenzyme Activities-—-Activities of the cobamide co- 
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enzymes in catalyzing the conversion of glutamate to 6-methyl- 
aspartate can be compared either at low or at high coenzyme 
concentrations. A comparison at low concentrations, where the 
reaction rate is proportional to concentration, shows that the 
activity per mole is highest for the BC coenzyme, intermediate 
for the AC coenzyme, and lowest for the DBC coenzyme (Table 
VI). This difference in molar activities could be the result of 
differences either in the affinities (K,,, values) of the coenzymes for 
the enzyme system or in their potential maximum activities 
(Vmax Values). Determination of the apparent K,, values in this 
multienzyme system shows that the relative molar activities are 
largely a reflection of differences in the K,, values (Table VI). 
The product K,, X molar activity (Column 4) is almost a constant 
for the three coenzymes, indicating that the molar activities are 
inversely proportional to the affinities. The maximal activities 
of the three coenzymes are very similar (Column 5). 

Growth Factor Activity—Activity was measured in the E. colt 
B,-requiring mutant and Ochromonas malhamensis tests as pre- 
viously described (3). In the F. coli test, both the DBC and BC 
coenzymes showed 100 + 20% of the activity of cyanocobala- 
min, on a molar basis. In the Ochromonas test, the DBC co- 
enzyme showed 90 + 20% and the BC coenzyme showed 45 + 
10% of the activity of cyanocobalamin on a molar basis. The 
value obtained with the BC coenzyme is similar to that reported 
for the benzimidazole analogue of cyanocobalamin (13). 


DISCUSSION 


The methods described for the isolation of the coenzymes are 
rather effective since they result in an over-all purification from 
900-fold with the DBC coenzyme to 8,000-fold with the BC 
coenzyme, and an over-all yield of crystalline products ranging 
from 54 to 62% of the extracted coenzymes. It is worth noting 
that the selected coenzyme peak fractions from the Dowex 50W, 
pH 3 column contain essentially pure coenzyme, since the specific 
activity of the coenzyme in these fractions is virtually the same 
as that of the final crystalline product. Consequently for some 
purposes the second phenol extraction and crystallization steps 
are unnecessary. 

The DBC coenzyme content of P. shermanii (130 umoles per 
kg of wet cells) is approximately 6.5 times greater than the DBC 
or BC coenzyme content of C. tetanomorphum (20 pmoles per 
kg). However, since the molar activity of the BC coenzyme in 
the C. tetanomorphum assay is about 73 times that of the DBC 
coenzyme, the total cobamide coenzyme activity per kg is about 
11 times greater in C. tetanomorphum cells grown in the presence 
of benzimidazole than in P. shermanii cells. The latter are 
grown without addition of 5,6-dimethylbenzimidazole to the 
medium since the organism synthesizes this compound in ade- 
quate amounts. 

The once recrystallized DBC coenzyme, carefully protected 
from light, appears to be at least 98% pure. This estimate is 
based upon the results of the solubility test for homogeneity and 
on the failure to detect colored impurities separable by paper 
ionophoresis or chromatography. The purity of the crystalline 
BC coenzyme has not been determined as carefully, but the 
failure to detect color impurities by ionophoresis or chromatog- 
raphy indicates that the coenzyme is at least 95% pure. 

The analytical data demonstrate the presence of approximately 
one mole each of cobalt, phosphorus, and either benzimidazole 
or 5,6-dimethylbenzimidazole per mole of coenzyme. These 
results clearly establish a chemical relation of these compounds 
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TaBLe VI 
Affinities and relative activities of cobamide coenzymes 


Apparent K,, values were estimated from a plot of S/V against 
S where V is the rate of absorbancy change and S is the coenzyme 
concentration. The experimental conditions were those used in 
the spectrophotometric coenzyme activity assay (3). The micro- 
molar activity was obtained by dividing the observed activities at 
low (<0.4 K,,) coenzyme concentration by the number of micro- 
moles of coenzyme per ml, determined from the absorbancy (A) 
at a suitable wave length. Typical and directly comparable ab- 
solute values are given in Column 3. The Vmax values were calcu- 
lated from the rates of absorbancy change under the conditions 
of the coenzyme activity assay, except that each coenzyme was 


‘used at a concentration 3.1 times its K,, value, and from the rela- 


[CoE]/Km + 1 


[CoE]/K» 
BC and DBC coenzymes were used; the AC coenzyme was a 
highly purified noncrystalline preparation. 


tion Vax = V ). Crystalline preparations of 


Coenzyme activity (a) X (6) Vmax 
M AA/min./yumole x 10-4 AA/min 

BC 2.4 X 107 800 1.9 0.24 
AC 1.4 X 10-6 160 2.2 0.24 
DBC 1.8 X 10-5 11 2.0 0.17 


with cyanocobalamin and its benzimidazole analogue, a relation 
previously indicated by a study of the absorption spectra of 
products formed by the action of light or cyanide ion on the 
coenzymes (2). The main differences in composition so far ob- 
served between the BC and DBC coenzymes and the correspond- 
ing vitamins are the absence of cyanide and the presence of an 
adenine moiety in the coenzymes. The AC coenzyme and pseu- 
dovitamin By, differ in the same ways (3). The extra adenine 
moiety appears to be an essential structural feature of the coba- 
mide coenzymes. 

Various types of evidence that will be presented in a later paper 
show that hydroxocobalamin can be formed from the DBC coen- 
zyme. If we tentatively accept this as a fact, then the coenzyme 
must contain the hydroxocobalamin structure with a molecular 
weight of about 1355, and an adenine moiety with a molecular 
weight of about 135. If these were the only components, the 
molecular weight of the coenzyme would be close to 1490. The 
experimentally determined molecular weight, calculated from 
the dry weight of the crystalline DBC coenzyme and either its 
phosphorus content or its estimated molar extinction coefficient, 
is approximately 1660. This leaves roughly 170 g not accounted 
for by the known components and indicates that the coenzyme 
contains an additional compound. This compound cannot con- 
tain cobalt or phosphorus since these are already accounted for 
by the hydroxocobalamin structure. The unknown compound 
also probably does not contain nitrogen, since the 18 nitrogen 
atoms present in hydroxocobalamin and adenine satisfactorily 
account for the elementary analysis and a molecular weight 
between 1640 and 1700. Consequently it probably contains 
only carbon, hydrogen, and oxygen. The determined empirical 
formula of the DBC coenzyme, C72-7sHy12-11sO19-20NisPCo, in fact 
has 5 to 8 carbon atoms, 19 to 22 hydrogen atoms, and 5 to 6 
oxygen atoms in excess of those contributed by the known com- 
ponents. Some of the hydrogen and oxygen may be present 
as water of hydration not removed by drying at 100°, but all of 
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the carbon and much of the hydrogen and oxygen must be present 
in the unidentified moiety. 

All three of the cobamide coenzymes so far described are 
equally active in catalyzing the conversion of glutamate to £- 
methylaspartate, when tested at saturating coenzyme concen- 
trations. However, the coenzymes differ greatly in their affini- 
ties for the enzyme system; the BC coenzyme has by far the 
highest and the DBC coenzyme the lowest affinity. These 
differences determine the minimum concentration at which the 
coenzymes can be detected by the enzymatic assay. For ex- 
ample, the BC coenzyme can be estimated at a level of 10-5 
pmole per ml of the assay mixture, whereas approximately 10-% 
pmole of DBC coenzyme is required. The AC coenzyme and 
several other homologous coenzymes that have been recently 
isolated are intermediate between these two coenzymes in affinity 
for the enzyme system. 

The identity of the Vmax values of the AC, BC, and DBC 
coenzymes clearly indicates that the 6-membered rings of the 
nucleotide adenine and benzimidazoles and their substituent 
groups are not directly involved in the catalytic activity of the 
coenzymes. 

The activities of the DBC and BC coenzymes as growth 
factors for the E. coli mutant and for Ochromonas malhamensis 
are approximately the same as those of the corresponding vita- 
mins. This could mean either that the vitamins are converted 
quantitatively to the coenzymes by these organisms or vice 
versa. Further experiments are needed to elucidate this point. 


SUMMARY 

Methods for isolation of benzimidazolylcobamide and 5,6- 
dimethylbenzimidazolyleobamide coenzymes, active in catalyzing 
the interconversion of glutamate and 6-methylaspartate, have 
been described. The crystalline benzimidazolylcobamide coen- 
zyme was obtained from Clostridium tetanomorphum in a yield of 
10.6 umoles per kg of moist cells, the crystalline 5,6-dimethyl- 
benzimidazolyleobamide coenzyme from Propionibacterium sher- 
manii in a yield of 80 uwmoles per kg. The coenzymes contain 
approximately one mole each of cobalt, phosphorus, and hetero- 
cyclic base, either benzimidazole in the benzimidazolylcobamide 
coenzyme or 5,6-dimethylbenzimidazole in the 5,6-dimethyl- 
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benzimidazolylcobamide coenzyme. In addition, both coen- 
zymes contain one mole of adenine which is not present in the 
corresponding cobamide vitamins. The coenzymes differ mark- 
edly in their affinities for the enzyme system, but have the 
same maximal activities. Several physical, chemical, and bio- 
logical properties of the coenzymes are described. 
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After the isolation of crystalline, 5,6-dimethylbenzimidazoly1- 
cobamide coenzyme by Barker et al. (1), a comparison of its 
crystallographic properties with those of vitamin B,. appeared 
desirable. This communication gives a brief description of the 
properties so far determined. 

Crystals of 5,6-dimethylbenzimidazolylecobamide coenzyme 
were obtained from Dr. H. A. Barker. They were prepared by 
crystallization from 87.5% (volume per volume) aqueous acetone 
at 4°. The crystals were washed successively with 90% acetone, 
100% acetone, and ethyl ether. Residual ether was removed 
with a stream of dry air and the crystals were stored in a tightly 
stoppered vial at —10° until used. The crystals contained 8% 
solvent, presumably water, that could be removed by drying at 
56° for 2 hours in a vacuum over silica gel. Part of this solvent 
may have been lost during manipulation of individual crystals. 

The crystals used in these studies showed forms characteristic 
of the orthorhombic system. They occurred as flattened dia- 
mond-shaped crystals with six faces; the largest dimension was 
about 0.5 mm (Fig. 1). Two large pinacoid faces had developed 
normal to the a axis! and four prism faces parallel to the a axis. 
It was noted that numerous cracks developed on the crystal 
faces which resulted in a mosaic appearance of reflected light and 
rendered goniometric measurements uncertain. The two prism 
interfacial angles, calculated from x-ray data, were 75°24’ and 
104°36’. 

An approximate crystal density was determined by finding a 
mixture of chloroform and o-dichlorobenzene in which the crys- 
tals remained suspended under a low centrifugal force. The 
density was thus determined to be 1.37 + 0.01. 

Several small crystals were immersed in liquids of known re- 
fractive indices and examined under polarized light with a petro- 
graphic microscope. Due to the strong absorption of the crys- 
tals, the refractive indices, especially Y and Z, could be estimated 
only roughly. However, crystal outlines were distinctly visible 
and with the aid of interference figures the optical orientation 
was established with some assurance. Crystals with the dia- 
mond shape, with extinction directions parallel to the diagonals 
of the diamond, showed strong absorption in all orientations. 
A few broken fragments with parallel extinction showed absorp- 
tion for light vibrating parallel to the traces of faces, presumed to 
be diamond shaped faces, and much less absorption normal 
thereto. From these observations, the interference figures, and 


' The designation of crystallographic axes has been kept in con- 
formity with those selected by Hodgkin et al. (3) for vitamin Bie. 


attempts to check on relative indices by means of the “Becke 
line,” the following properties can be given: biaxial, negative, 
2V probably 60° + 15°. The refractive indices are listed in 
Table I. The orientation of the optic and crystallographic 
axes are X Za, Y Zb,andZ Zc. The crystals show pleoch- 
roism when observed in polarized light, X being pale yellow or 
red, Y and Z being very dark red to nearly opaque. 

X-ray diffraction photographs were obtained with a 6 cm 
precession camera and a 5.73 cm rotation camera. The radia- 
tion employed was cobalt Ka(Fe filtered) with which it was 
necessary to use rather long exposures of 16 to 26 hours. 

The unit cell dimensions of 5,6-dimethylbenzimidazolylco- 
bamide coenzyme crystals, calculated from precession, rotation, 
and Weissenberg photographs, are given in Table I along with 
similar data on vitamin By, reported by Hodgkin et al. (2). 
The only systematic extinctions observed were those of odd h, k, 
and | indices on h00, OkO, and OO! lines (Fig. 2). The space 
group was thereby determined to be orthorhombic P2,;2,2; as 
was found for vitamin By, (2, 3) and related compounds (2). 
The number of asymmetric units (hydrated molecules) per unit 
cell was calculated from the measured density, cell volume, and 
an assumed molecular weight of 1,700 and found to be 4, which 
number, or a multiple thereof, is required by the space group. 
The molecular weight of the hydrated molecule is therefore 4 
that of the unit cell, namely 1,749. The difference between this 
value and the approximate molecular weight of 1,660 reported 
by Barker et al. (1) can be attributed to solvent of hydration, 
possibly 5 molecules of water per molecule of coenzyme. 

From observable spots on Weissenberg and precession photo- 
graphs it was calculated that more than 500 discrete reflections 
per lattice octant could be obtained from the best of several 
crystals so far examined. The rate of decrease in the intensity 
of reflections with increase in angle of diffraction suggested a 
substantial temperature factor or disorder in the air dried crystal 
or both. The 5,6-dimethylbenzimidazolylcobamide coenzyme 
crystals were grown from acetone-water. This procedure, in the 
case of vitamin By: and related compounds, resulted in less per- 
fect crystals, from the x-ray diffraction standpoint, than did 
slow crystallization from aqueous solution.” 

No attempt has been made to determine the structure of the 
coenzyme from x-ray diffraction data as was done for vitamin 
Bi: by Hodgkin et al. (2). However a comparison of the intensi- 
ties of hkO reflections of 5,6-dimethylbenzimidazolylcobamide 


2M. J. Kamper, personal communication. 
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Fic. 1. Crystal drawing of 5,6-dimethylbenzimidazolylcoba- 
mide coenzyme. 


TaBLeE 
Crystallographic properties of 5,6-dimethylbenzimidazolylcobamide 
coenzyme and vitamin Bye 


Air dried 5,6- 
Air dried vitamin 
“zolylcobamide Bis (from 
Space group P2,2,2; 
Unit cell dimensions in a 25.62 24.35 
angstroms b 20.70 21.29 
c 16.00 16.02 
Unit cell volume in cubic 8485 8306 
angstroms 
Density | 1.37 1.34 
Number of molecules per 4 4 
unit cell 
Molecular weight of hy- 1749 1676 
drated molecule 
Refractive indices XK 1.60 + .01 1.616, 1.591 
Y near 1.65 1.652 
Z near 1.65 1.6645, 1.656 


coenzyme was made with! those of chlorine-substituted vitamin 
By (4).2, The latter data were kindly made available by M. J. 
Kamper of the Laboratory of Chemical Crystallography, Oxford. 
The relative intensities of hk0 reflections of the two compounds 
showed a number of major differences; however, h00 reflections 
revealed noteworthy similarities. This observation, along with 
the similarity of the coenzyme and vitamin with respect to 
major chemical groups, space group, unit cell dimensions, density, 
and optical properties, suggests some fundamental similarities 
in structure and orientation of molecules within the unit cell, 
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Fic. 2. Precession photographs of 5,6-dimethylbenzimidazolyl- 
cobamide coenzyme. a, h01 and b, 0k1 showing reciprocal lattice 
features characteristic of the orthorhombic space group P2,2:2; 
(c* axis vertical in a, horizontal in b). 


particularly along the a axis. The small increase (1.3 A) in the 
a axis component of the unit cell, along with the above-mentioned 
data, is compatible with the hypothesis that the adenine and 
the attached, unidentified carbon chain are located near the 
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cobalt atom, in the space that is partially occupied by the cya- 
nide group in vitamin By: (2). 
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The observations of Harden and Young (1) that arsenate 
affected alcoholic fermentation in yeast led to further examina- 
tion of the role of arsenate by other investigators. Braunstein 
(2) in 1931 proposed the occurrence of labile arsenate esters in 
glycolyzing erythrocytes in which the phosphate had been supple- 
mented by arsenate. Similarly, in 1932, Harden (3) suggested 
the possible existence of unstable arsenate compounds. The 
stimulation caused by arsenate and attributed to the labile 
compounds became generally accepted as a result of Warburg 
and Christian’s (4) elucidation of arsenate as a specific catalyst 
in the oxidation of phosphoglyceraldehyde. The identification 
of the products of the oxidation in the presence of phosphate 
and in the presence of arsenate resulted in the proposal that the 
reaction proceeded by the formation and the subsequent spon- 
taneous decomposition of l1-arseno-3-phosphoglyceric acid. The 
extension of this hypothesis by Doudoroff et al. (5) led to the 
introduction of the term “arsenolysis’” which they used to de- 
scribe an over-all hydrolytic process in which the first step is the 
replacement of arsenate for phosphate. The arsenate-catalyzed 
degradation of sucrose in the presence of sucrose phosphorylase 
isolated from Pseudomonas saccharophila constituted the reac- 
tion which was studied by Doudoroff et al. 

Other arsenolytic reactions have been reported and among 
these are the degradation of starch by potato phosphorylase (6) 
and of glycogen by muscle phosphorylase (7). The decomposi- 
tion of acetyl phosphate by triosephosphate dehydrogenase (8) 
and the transformation of citrulline to ornithine by ornithine 
carbamy! transferase (9) represent other enzymic reactions de- 
scribed as arsenolytic degradations. 

In a preliminary presentation (10), it was reported by the 
present authors that three enzymatic arsenolytic reactions had 
been studied with O*-labeling techniques. The reactions, listed 
below, show a transfer of O8 from arsenate to a product molecule 
other than water and do attest to the validity of the theory of 
arsenolysis. ‘These results and previous reports of the transfer 
of O* during the glutamine synthetase catalyzed arsenolysis of 
glutamine (11) and during the arsenate-enhanced degradation 
of urea by urease (12) constitute critical evidence for intermediate 
arsenate compounds in support of the theory of arsenolysis 
proposed by Warburg and Christian (4). 


Glycogen + As;-O'§ — n-glucose-O” + As; (1) 
Acetyl phosphate + As;-O'*8 — acetate-O'8§ + Asi + Pj; (2) 
Citrulline + As;-O'§ — ornithine + CO"*, + NH; + As; (3) 


* Charles F. Kettering Foundation Fellow. 
Tt Present address, The Miami Valley Laboratories, Procter and 
Gamble Company, Cincinnati 39, Ohio. 


EXPERIMENTAL 


Ornithine carbamy] transferase was prepared by the method 
of Reichard (13) with the limitation that the purification proce- 
dure was carried only to the second ammonium sulfate fractiona- 
tion. This preparation was desirable because of the contamina- 
tion by carbamate kinase which is necessary for carbon dioxide 
release during phosphorolysis. Preparations of muscle phos- 
phorylase and phosphoglyceraldehyde dehydrogenase were 
purchased in part from the Worthington Biochemical Corpora- 
tion and these were not significantly different from laboratory 
preparations. 

The description of the reaction system involving ornithine 
carbamy] transferase is shown in Table I. The reaction time 
was the same for the arsenolysis and the phosphorolysis though 
the rate of arsenolysis as measured by accumulation of solid 
carbon dioxide far exceeded that of phosphorolysis. The gas 
produced in the 15-minute period during arsenolysis is 4.2 ml, 
3.6 ml of which are produced during the first minute. These 
data result from conversion of manometric data from the War- 
burg apparatus. 

The reaction was carried out in a flask containing all compo- 
nents except the enzyme preparation which was placed in a side 
arm. The entire reaction vessel was immersed in an acetone- 
Dry-Ice bath and evacuated. Thawing, refreezing, and evacua- 
tion were repeated and the entire system was evacuated in the 
final step. After thawing, the enzyme was tipped into the mix- 
ture. When arsenate labeled with O" was used, it was added as 
a dry solid from a second side arm before addition of the enzyme. 
The carbon dioxide was collected directly in the evacuated system 
over liquid nitrogen after passing through a Dry-Ice trap, as a 
modification of the procedure described by Stulberg and Boyer 
(14). The atom % excess of O" in the carbon dioxide was deter- 
mined by mass spectrometry. 

In the arsenolysis of glycogen by muscle phosphorylase, the 
glucose produced during the reaction was isolated, after removal 
of the protein by precipitation with tungstic acid, by sequential 
treatments with activated charcoal, cationic Dowex 50 resin, 
and anionic Dowex 2 resin. The resulting solution was free 
from arsenate, contained no protein, nucleotide, or buffer con- 
stituents. The reducing sugar was measured by the method of 
Somogyi (15) and indicated that 2.5 < 10-4 mole of glucose was 
produced at the end of 30 minutes. Reactions run under the 
same conditions reveal that 1.5 XX 10-4 mole of glucose was 
produced in 1 minute. Difficulties in handling less than 25 mg 
of material during the lyophilization and crystallization from 
alcohol led to the choice of the 30-minute reaction time. The 
purified glucose was then equilibrated for 3 hours at 110° with 
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a known volume of water to produce H,O® which was in turn 
equilibrated with carbon dioxide as described by Cohn (16). 
The atom % excess of the carbon dioxide was measured by mass 
spectrometry (Table II). 

The reaction system for the phosphoglyceraldehyde dehy- 
drogenase catalyzed arsenolysis of acetyl phosphate (17) is 
shown in Table III. The reaction was stopped by addition of 
mercuric chloride and the solution was neutralized. Barium 
chloride was added and the precipitate was removed. Subse- 
quent treatment with charcoal and Dowex 50 resin gave a solu- 
tion from which calcium acetate was isolated by alcohol precipita- 
tion. Pyrolysis of the calcium acetate to calcium carbonate was 
followed by treatment with concentrated acid. The carbon 
= was collected and measured for O content by mass 
spectrometry. Parallel experiments measuring the rate of de- 
composition of acetyl phosphate under the conditions imposed 
for arsenolysis show that essentially no acetyl phosphate remains 
after 20 minutes. This was measured by formation of the 
hydroxamate as described by Lipmann and Tuttle (17). Of the 
acetyl phosphate 20% disappeared after 30 seconds. 

The O* labeled arsenate and phosphate were prepared by 
dissolving arsenic pentoxide and phosphorus pentoxide in O#- 
enriched water (Stuart Oxygen, 1.4 atom % excess) to a con- 
centration of approximately 0.5m. The solutions were adjusted 
to pH 3.5 (arsenate) and pH 4.5 (phosphate) with solid potassium 
hydroxide or with potassium hydroxide dissolved in H,O* then 
heated in a sealed Pyrex tube for 72 hours in a 110° oven to 
equilibrate the oxygens of the phosphate and of the arsenate. 
It was determined later that such drastic treatment was unneces- 
say in the case of the arsenate. The solutions were then evapo- 
rated to dryness under reduced pressure and finally heated under 
reduced pressure to remove all traces of moisture and water of 
crystallization. The phosphate salt was analyzed by pyrolyzing 
the potassium dihydrogen phosphate salt, then equilibrating the 
water produced with a known volume of carbon dioxide (16), 
and measuring the atom % excess of the carbon dioxide. The 
corresponding arsenate salt was analyzed by this pyrolysis proce- 
dure and also by equilibration of the arsenate salt with a known 
volume of water at 100° which in turn was analyzed for O8 by 
exchange with carbon dioxide whose O excess was determined 
by mass spectrometry. The arsenate-oxygen contained 1.375 
atom % excess O¥8,. The phosphate-oxygen contained 1.23 atom 
% excess O'8. Glucose labeled in the one exchangeable oxygen 
with O8 was prepared by heating a solution of glucose in H,O” 
in a sealed tube at 110° for 3 hours (19). The dry compound 
was prepared from solution by lyophilization and alcohol precipi- 
tation. The glucose was assayed for O¥ content by equilibration 
with a known volume of water in the manner described above 
and, after equilibration with carbon dioxide, the gas was analyzed 
for O88. The labeled glucose contained 1.39 atom % excess O%8 
in the exchangeable oxygen. 

Relatively large quantities of enzymes were used in these 
experiments because the half-time of the nonenzymatic exchange 
of arsenate-oxygen with water is of the order of a few minutes 
(20). It was determined that the enzymatic reactions involved 
proceed rapidly during the initial stage and the rate exceeds the 
rate of nonenzymatic exchange of the arsenate-oxygen with 
water. The reaction mixtures were incubated for several min- 
utes because in no case would there be a significant loss of label 
from the reaction product to solvent during this time and the 
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TABLE I 
Transfer of O'8 in arsenolysis of citrulline 

The complete reaction mixture contained: 5 mm citrulline, 3 
mM arsenate or phosphate, 2 mm tris(hydroxymethy])amino- 
methane buffer (pH 7.4), and 50 mg of the purified enzyme in a 
total volume of 10 ml. When phosphate was used 1 mm MgSO, 
and 1 mm ADP were added. The reaction was run at 15° for 15 
minutes. 


Atom % excess 
System in 
carbon dioxide 
atom % excess 
Phosphorolysis, 1.23 0.133 
Arsenolysis, 1.37 0.218 
Arsenolysis, Asj-O'*................. 0.000 
Ammonium carbonate + As;-O'8 .... 1.37 0.007 


TABLE II 
Transfer of O'8 during arsenolysis of glycogen 
The complete reaction mixture contained: 0.01 mm AMP, 0.4 
sodium-f-glycerophosphate buffer at pH 6.8, 3 mM cysteine- 
HCl adjusted to pH 6.8, 10 mm arsenate, 0.4% glycogen, and 10 
mg of muscle phosphorylase in a total volume of 10 ml. The re- 
action was run for 30 minutes at 4°. 


Atom % excess of O'8 in 
System 
Glucose 
atom % 
excess 
Arsenolysis, Asj-O'8............... 1.37 0.0154 1.31 
Carrier glucose-O!8*............... 1.39 0.0145 1.25 
Carrier glucose-O!*f + 1.4 0.0024 0.20 
Arsenolysis, As;-O!*............... 0.0000 0.000 


* Glucose-O* (1.39 atom per cent excess) added initially and 
boiled enzyme used. 
t Glucose-O'* added initially and boiled enzyme used. 


TaBLE III 


Transfer of O'8 during phosphoglyceraldehyde dehydrogenase- 
catalyzed arsenolysis of acetyl phosphate 
The complete reaction mixture contained: 1 mm dilithium acetyl 
phosphate prepared by the method of Avison (18), 5 mm arsenate 
adjusted to pH 7.8, 0.1 mm DPN’, and 10 mg of enzyme in a total 
volume of 10 ml. The reaction was run at 23° for 20 minutes. 


Atom % excess of 0% in 
System Acetate 
Found 
atom % 
CXCESS 
Arsenolysis, Asj-O'8............. 1.37 | 0.569 | 0.569 | 0.638 
Arsenolysis, As;-O!*............ 0.000 | 0.000 | 0.000 
Carrier acetate + As;-O18*.....| 1.37 | 0.012 | 0.012 | 0.000 


* Nonlabeled acetate added initially and no enzyme added. 
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increased yields gave substantial improvements in the isolation 
procedures. 


RESULTS 


The carbon dioxide produced by the decomposition of citrulline 
in the presence of a crude enzyme preparation with the use of 
phosphate labeled with O¥ has been shown to contain O* (14). 
Under more favorable conditions of enzyme purity, the results 


of Stulberg and Boyer (14) werd confirmed (Table I). Extension. 


of the reaction to include arsenate labeled with O¥ has shown a 
transfer of the oxygen of arsenate to carbon dioxide (Table [). 
Since no decomposition of citrulline occurs in the absence of 
phosphate or arsenate, one control consisted of ammonium 
carbonate in the presence of arsenate labeled with O¥ at pH 3.5, 
the pH of the salt in water solution. This situation may closely 
describe an alternate exchange reaction in which carbon dioxide 
is produced. Carbon dioxide collected from this mixture would 
indicate nonspecific exchange, either directly or indirectly, or 
carbon dioxide oxygen with the oxygen of arsenate. A second 
control consisted of a reaction with unlabeled arsenate producing 
carbon dioxide containing the norm4l amount of O¥. In Table 
I, the higher value for the arsenolysis reaction compared to the 
phosphorolysis reaction may be due in part to the more rapid 
release of carbon dioxide with possibly more rapid expulsion 
from the solvent and therefore less exchange with the solvent. 

Cohn (21) has studied the oxygen transfer exhibited during the 
phosphorolysis of glycogen by muscle phosphorylase. She has 
shown the effect of conditions upon bond fissure. The formation 
of a glucose arsenate intermediate could only be demonstrated 
by this method if the arsenic to oxygen bond is broken in the 
hydrolytic step. This is the case as it is shown by the data in 
Table II. The oxygen attached to the carbon-one of glucose 
contains O#8 which presumably arose by direct transfer from 
arsenate. In the experiments with the use of glucose labeled 
with O'8, the extent of accuracy of the analytical technique em- 
ployed was measured. With H,0" as a solvent in incubated 
reaction mixtures to which unlabeled glucose was added, the 
exchange of glucose-oxygen with water during the isolation proce- 
dure was ascertained. A moderate amount of exchange occurs 
between the oxygen of glucose and of the water. This would 
represent loss to the product of the arsenolysis reaction since no 
sequence of nonspecific exchange could account for a higher value 
such as the one obtained in experiment one of Table II. 

It has been shown by Harting and Velick (22) that the catalysis 
of acetyl phosphate decomposition by phosphoglyceraldehyde 
dehydrogenase proceeds in the presence of arsenate. Since an 
intermediate acetyl arsenate has been proposed, the appearance 
of O® in the carboxyl oxygen of acetate confirms the transient 
existence of an acetyl arsenate species (Table III). The control 
experiments reported represent the evaluation of the normal 0% 
content of the reaction product and, using arsenate labeled with 
O¥ and nonlabeled acetate, the potential of the nonspecific ex- 
change of oxygen between product and reactant. Any exchange 
with water would result in dilution of the O08. The divergence 
from the theoretical yield may be attributed to the combined 
effects of the dilution of the arsenate by exchange with water 
during the reaction and to any exchange of the acetate with water 
during the isolation of calcium acetate. 
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DISCUSSION 


The theory that in phosphorolysis reactions, the substitution 
of arsenate for phosphate results in the formation of labile 
arsenate esters or anhydrides has encouraged the use of arsenate 
as a tool for studying phosphorylation reactions. Acyl transfer 
and acyl intermediates can easily be recognized through the 
arsenolysis reaction. The data reported here substantiate the 
original theory which proposes that transient organoarsenate 
compounds are formed. These may be a result of transfer of the 
organic moiety from a site on the enzyme to the arsenate ac- 
ceptor. Although arsenate esters have not been isolated from 
reaction mixtures, the demonstration of a transfer of O¥ from 
arsenate to the reaction product is evidence that arsenate esters 
are intermediates. It is interesting to note that preliminary 
experiments on the arsenate-catalyzed decomposition of potas- 
sium cyanate have indicated a possible steady state formation of 
carbamy] arsenate. Following the procedure of Jones et al. (23) 
for the preparation of carbamyl phosphate, no corresponding 
arsenate was isolated nor could any residual cyanate be detected. 
Yet the carbon dioxide release during the reaction, although 
slightly faster with arsenate, paralleled the phosphate-cyanate 
reaction. Only upon the addition of lithium hydroxide and 
perchloric acid was a surge of carbon dioxide seen in the arsenate- 
catalyzed reaction. This was instantaneous and not persistent 
(24). 

The reaction mediated by ornithine carbamyl transferase 
involves the formation of carbamy] phosphate in the phosphorol- 
ysis of citrulline. The enzyme preparation used here contained 
carbamate kinase which accounted for the carbon dioxide produc- 
tion in the presence of phosphate. Since this reaction may have 
been limiting, it could, in part, account for the lower exchange 
data. Carbamyl arsenate is probably formed in the analogous 
reaction in which arsenate is substituted for phosphate and 
spontaneous hydrolysis severs the arsenic-oxygen bond to form 
unstable carbamate. Subsequent and rapid decomposition of 
carbamate leads to the production of O'8-labeled carbon dioxide. 
On the basis of the aforementioned data on cyanate decomposi- 
tion, it is interesting to contemplate the role of the enzyme in 
either or both degradations proposed in the arsenolysis of citrul- 
line. 

In the case of the arsenolysis of glycogen and acetyl phosphate, 
the acyl transfer to arsenate has been previously proposed as 
part of the mechanism for the observed hydrolytic effect. The 
oxygen transfer data confirm this proposal. Though it is diffi- 
cult to get accurate quantitative data due to the many possible 
competitive exchange reactions occurring, the large O¥8 excesses 
in the products leave little doubt as to the qualitative nature of 
the reactions. 

These results show that arsenate ester and anhydride inter- 
mediates, in either an enzyme bound or free form, must have 
existed in order to bring about the oxygen transfer observed. 
From these data it is not possible to determine whether the hy- 
drolysis of the arsenate intermediates is enzymatic or non- 
enzymatic. 


SUMMARY 


The transfer of oxygen from arsenate to carbon dioxide during 
the arsenolysis of citrulline, to glucose during the arsenolysis of 
glycogen, and to acetate during the arsenolysis of acetyl phos- 
phate, has been demonstrated. These observations corroborate 
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the accepted theory of arsenolysis and the existence of transient 
acyl arsenates. 
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Effect of Coenzyme Q,, on the Determination of Tocopherol 
in Animal Tissue* 
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The isolation of coenzyme Qo from the lipid of the mito- 
chondria of beef heart (1, 2), the elucidation of its structure (3), 
and the synthesis of analogues (4) have been reported. Page 
et al. (5) have isolated it from the kidney and carcass, and the 
heart of a number of species. They reported that a concentrate 
extracted from rat heart tissue, whose Ry was the same as a 
standard coenzyme Qio preparation, was found to the extent of 
14 mg/100 g of wet tissue, whereas chick heart contained 4 mg/ 
100 g of wet tissue. The structure of coenzyme Qjo is quite 
similar in some respects to that of vitamin K and a-tocopheryl- 
quinone, an oxidation product of a-tocopherol. Furthermore, 
the quinone structure would readily undergo oxidation-reduction 
and the reduced or semiquinone form would reduce FeCl; in the 
Emmerie-Engel reaction (6). This information, along with the 
fact that the coenzyme would be extracted by the conventional 
methods in the determination of tocopherol, has stimulated the 
interest of workers in this laboratory regarding its possible 
interference in the determination of tocopherol in blood and 
animal tissues. 

Three processes used in this laboratory for the determination 
of tocopherol were investigated as to thei role in either con- 
tributing to or eliminating interference caused by the presence 
of the coenzyme. These processes are molecular distillation, 
chromatography, and hydrogenation. The first two are used in 
the determination of tocopherol in tissue; the third is used in the 
determination of tocopherol in blood plasma when interfering 
carotenoid pigments are present. 


EXPERIMENTAL PROCEDURE 


Extraction—Wet homogenized tissue was extracted for 20 
hours with hot absolute ethanol as described by Quaife et al. (7). 

Molecular Distillation—In this procedure, tocopherol distills 
over quantitatively and condenses on a cold surface when the 
sample is heated at 220° for one-half hour at a pressure of not 
more than 10 yw of mercury. Some carotenoids, vitamin A, 
sterols, and undoubtedly other unknown compounds distill along 
with the tocopherol. A description of the pot still, the critical 
dimensions, and details of the method are reported by Quaife 
et al. (7, 8). The method was followed as described except that 
benzene was used to remove the distillate from the condenser, 
since this was the solvent used in the subsequent chromatographic 
step. 


* This work was supported in part by grants from the Yantic 
Grain and Products Company, Norwich, Connecticut, and Merck 
Sharp and Dohme, Rahway, New Jersey. The coenzyme Qo was 
obtained from Merck Sharp and Dohme Research Laboratories 
through the courtesy of Dr. L. Michaud. 
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Chromatography—After molecular distillation, the carotenoids, 
vitamin A, most of the sterols, and possibly other compounds 
are removed by chromatography, essentially as described by 
Brown (9) except for the following modification. Four grams 
of Florex XXS,! 60 to 90 mesh, were boiled with 15 ml of 10 n 
HC! and 0.50 g of SnCle. The hot adsorbent was poured into 
the column and washed with 5 ml, then with 3 ml of absolute 
ethanol, followed by 5 washes of 5 ml of benzene. When the 
third 5-ml portion of benzene was added, the adsorbent was 
stirred up with a stirring rod and packed down with a flattened 
glass rod. After the last portion of benzene had drained off the 
column, the sample was introduced and benzene added in 5 ml 
portions until a volume of 25 ml was reached in a volumetric 
flask. 

Hydrogenation—This procedure is used to remove the inter- 
ference caused by carotenoid pigments when tocopherol is deter- 
mined in blood plasma. It is carried out by the methods of 
Quaife et al. (10, 11) and is described by Dicks e¢ al. (12). 

Color Reacttion—The Emmerie and Engel procedure was used 
for measuring the reducing substances. This is a sensitive and 
precise but nonspecific method for determining the tocopherols. 
The method is based upon the reduction of Fe+++ to Fe++ and 
the reaction of the latter with 2,2’-bipyridine to form a red color 
that varies directly with the amount of reducing substance 
present. Because of the nonspecificity of the Emmerie-Engel 
reaction, the methods employed for the determination of tocoph- 
erol are based upon the removal of interfering and reducing 
substances, by the use of saponification, molecular distillation, 
chromatography, hydrogenation, shaking with sulfuric acid, or 
by combinations of these procedures. 


RESULTS AND DISCUSSION 


In Table I, data are presented which shbw the effect of sub- 
jecting coenzyme Qo alone to the various procedures as they are 
used in the determination of tocopherol. Since the coenzyme 
did not react with the FeCl];-bipyridine reagents, it would appear 
that the sample was present in the form of the quinone. When 
it was reduced with hydrogen at 10 p.s.i. for 1 minute (conditions 
used in the determination of tocopherol in blood plasma) with 
the use of 5% palladium catalyst, and then this semi- or hydro- 
quinone form of the coenzyme was allowed to react with the 
Emmerie and Engel reagents, a reduction took place to the 
equivalent of 68 ug of tocopherol. When the hydrogenation was 
carried out at 15 p.s.i. for 3 minutes, 117 ug of tocopherol equiva- 


1 Kindly donated by the Floridin Company, Tallahassee, 
Florida. 
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, TABLE I 
Interference of coenzyme Qo and menadione in tocopherol procedures 


W. J. Pudelkiewicz and L. D. Matterson 


497 


TaBLeE III 
Effect of fat upon molecular distillation of coenzyme Qio 


Coenzyme | Tocopherol Menadione Tocopherol 


Treatment ivalents ivalents ‘ Coenzym 
mg ug mg ug in fat {substances 
None 0.44 0 0.58 0 
Hydrogenation (10 p.s.i.,1 | 0.44 68 g ug rs ug ug 
min.) Coenzyme Qio 0.44 17.3 17.3 
Hydrogenation (15 p.s.i.,3 | 0.44 117 0.58 797 Fat 0.494 14.5 14.5 
min.) : Fat + Coenzyme Qio (0.519) 0.44 15.2 16.7 1.5 
Chromatography (Florex | 0.44 64 0.58 72 Fat + Coenzyme Qio (0.517) 0.88 15.1 16.8 1.7 
XXS) (1) 
Chromatography (Florex | 0.84 112 * Hydrogenated vegetable oil. 
XXS) (2) Tt The values shown are total reducing substances expressed as 
Molecular distillation + | 1.68 45 tocopherol. Reduction of coenzyme Qo occurred during passage 
chromatography of the molecular distillate through Florex. 
Nondistilled fraction + 340 
chromatography TABLE 
eee Tocopherol determination: Comparison of two methods in prevention 
| Taste I of interference by coenzyme Qio 
Effect of coenzyme Qio on analysis of liver tocopherol nzyme Molecular distillation 
Coenzyme Quo | Liver weight Tocopherol Distillate Residue snetiead 
Liver with low tocopherol content 
4.20 0 19.4* 58.8 86.2 
mg g ug/8 6.24 0.88 17.8 115.8 197.2 
0 7.0 2.4 
0 6.7 2.3 * Results are expressed as micrograms of a-tocopherol equiva- 
1.1 7.0 2.3 lents per gram of liver tissue. 
1.1 7.4 2.1 


0 4.4 16.3 
0 4.0 15.8 
4.2 4.7 16.1 
4.2 4.3 16.1 


lents were obtained. These data would indicate that the use of 
hydrogenation in the determination of tocopherol in blood plasma 
would cause an interference if coenzyme Qo were present; how- 
ever, the association of the compound with the mitochondria of 
cells makes its presence in blood plasma, in any significant 
amounts, unlikely. 

When coenzyme Qio was passed through Florex XXS and 
eluted with the same quantity of benzene as is used in the deter- 
mination of tocopherol in tissue, approximately one-half of the 
reducing potential of the coenzyme passed through the column. 
Since further elution with benzene caused an additional reduction 
of FeCl3, the reduced (semi- and/or hydroquinone) form is appar- 
ently adsorbed more strongly than tocopherol which is readily 
eluted by these conditions. 

Molecularly distilling and chromatographing a sample of coen- 
zyme Qo alone, under the same conditions as those used in the 
determination of tocopherol in tissue, showed that some distilla- 
tion of the sample did occur. When the residue in the molecular 
still (the fraction that did not distill) was passed through the 
Florex column, it can be seen that the large amount of reduction 
of FeCl; that took place (340 ug of tocopherol equivalents) was 
evidence that most of the coenzyme remained behind during the 
molecular distillation. 


Menadione, whose basic structure resembles that of coenzyme 
Q and tocopherylquinone, did not react with the Emmerie and 
Engel reagents; however, both hydrogenation and chromatog- 
raphy through Florex resulted in a positive reaction with the 
Emmerie and Engel reagents. Menadione would, therefore, 
interfere if it were not for its rapid destruction in ethanol as 
reported by Almquist (17). The extraction of tissue with hot 
ethanol would probably destroy vitamin K and thus eliminate 
this possible source of interference. 

The data presented in Table II show the results of tocopherol 
analysis of liver samples with and without added coenzyme Qo. 
Liver samples came from two groups of chicks, one of which was 
fed a diet low in a-tocopherol and the other an adequate one. 
Coenzyme Qio, when added to liver samples, appeared to have 
no effect upon the tocopherol analysis when molecular distilla- 
tion and chromatography were used as steps in the analysis. 
Although some distillation occurred when the coenzyme alone 
was run through the procedures, it was effectively removed by 
the molecular distillation step when it was associated with the 
liver lipids which were obtained along with coenzyme Qj» during 
the initial extraction step. This suppressing effect during 
molecular distillation was also observed, to a lesser extent, in 
previous work performed by the authors (13) when DPPD? was 
distilled alone and in the presence of lipid material. Recoveries 
of DPPD were decreased when the molecular distillation was 
made in the presence of a fat or oil. Data are presented in 
Table III to show this effect more fully. When 0.44 mg of 
coenzyme Qo was molecularly distilled and the distillate chroma- 
tographed, approximately 17 ug of tocopherol equivalents were 


2 The abbreviation used is: DPPD, N, N’-diphenyl-p-phenylene- 
diamine. 
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present ; however, when an equal quantity of the coenzyme was 
treated similarly in the presence of fat, only a trace, at most, of 
the coenzyme distilled. Coenzyme Qjo, expressed in tocopherol 
equivalents, was obtained by subtracting the figures in the 
column labeled ‘“Tocopherol in fat’”’ from those in the one labeled 
“Total reducing substances.”” It might be added that by using 
the sequence, extraction, molecular distillation, and chromatog- 
raphy followed by the color reaction, recoveries of tocopherol 
from liver tissue of 95% or better have been obtained. 

One question that was not clarified was whether or not coen- 
zyme Qo was destroyed during the 20-hour extraction of the 
liver tissue and thus limited the essentiality of the molecular 
distillation step, at least for the removal of the coenzyme. Two 
liver samples were routinely run to determine tocopherol, except 
that 0.88 mg of coenzyme Qio was added initially to one of them. 
The nondistilled residue of the molecular distillation step was 
also analyzed for reducing substances. The results are presented 
in Table IV; these data show that the amount of reducing sub- 
stances in the distillate of the two samples is essentially the same. 
The nondistilled residue of the sample that contained the added 
coenzyme was substantially higher in tocopherol equivalents 
than was the residue of the control, indicating that the coenzyme 
remained in the residue, being effectively separated from the 
distillate and not destroyed. Similarly, part of the increase in 
apparent tocopherol reported by Swick and Baumann (16) when 
residue from the molecular distillation of rat tissue extracts was 
hydrogenated, and postulated by them to be due to quinones or 
semiquinones, could in all probability be due to the reduction of 
coenzyme Qo. Whether or not coenzyme Qo in the reduced 
form, which is also found in tissues, would distill during molecular 
distillation has not as yet been studied. 

Also shown in Table IV are the results of a tocopherol deter- 
mination by another method (14) on an aliquot of the tissue 
extract that was determined by molecular distillation. This 
method is based upon the observation that when an extract of 
tissue is shaken with a highly concentrated solution of sulfuric 
acid, some of the reducing substances that react with the Em- 
merie and Engel reagents are destroyed. When the extracts, 
with and without added coenzyme Qi, were shaken with 60% 
sulfuric acid (volume for volume) (15) and chromatographed, it 


was observed that this procedure removed neither the interfer- 
ence caused by the coenzyme nor the other interfering substances 
found in liver tissue. 


SUMMARY 


Interference of coenzyme Q,o in the analysis of tocopherol is 
indicated if it is allowed to come in contact with a reducing sub- 
stance without molecular distillation. The latter procedure 
effectively separated it from tocopherol, thereby eliminating it 
as a source of interference. ; 


REFERENCES 


1. Crane, F. L., Hateri, Y., LEsTEr, R. L., anp WipM_ER, C., 
Biochim. et Biophys. Acta, 25, 220 (1957). 

2. Lester, R. L., Crane, F. L., ano Hatert, Y., J. Am. Chem. 
Soc., 80, 4751 (1958). 

3. Wour, D. E., Horrman, H., TRENNER, N. R., Arison, B. H., 
SHunK, C. H., Linn, B. O., McPuerson, J. R., anv 
FoukeErs, K., J. Am. Chem., Soc., 80, 4752 (1958). 

4. SHunkK, C. H., Linn, O., Wona, L., Wittreicn, P. E., Rosin- 
son, F. M., anp Fo.xKers, K., J. Am. Chem. Soc., 80, 4753 
(1958). 

5. Pages, A. C., Jr., Linn, O., GALE, H., Wonea, L., SHunx, H., 
Fo.kKeErs, K., Presented at 43rd Annual Meeting of the Fed- 
eration of American Societies for Experimental Biology, 
Atlantic City, 1959. 

6. EMMERIE, A., AND ENGEL, C., Nature 142, 873 (1938). 

7. QualIFeE, M. L., aNnpD Harris, P. L., Anal. Chem., 20, 1221 (1948). 

8. QuaiFE, M. L., anp Harris, P. L., Ind. Eng. Chem., Anal. 
Ed., 18, 707 (1946). 

9. Brown, F., Biochem. J., 61, 237 (1952). 

0 


10. Quaire, M. L., anp Harris, P. L., J. Biol. Chem., 156, 499 
(1944). 
11. Quatre, M. L., AND BIEHLER, R., J. Biol. Chem., 169, 663 


(1945). 

12. Dicks, M. W., Rousseau, J. E., Jr., AND Eaton, H. D., J. 
Dairy Sci., 40, 590 (1957). 

13. PuDELKIEWICz, W., Potter, L. M., Matrerson, L. D., anp 
SinGsEN, E. P., Poultry Sct., 35, 959 (1956). 

14. Parker, W. E., anp McFaruane, W. D., Can. J. Research, 
B18, 405 (1940). 

15. Fox, S. H., anp MuELLER, A., J. Am. Pharm. Assoc., Sct. Ed., 
39, 621 (1950). 

16. Swick, R. W., anp Baumann, C. A., Anal. Chem., 24, 758 
(1952). 

17. Aumquist, H. J., J. Nutrition, 14, 241 (1937). 


Vol. 235, No. 2 


ge 
irc 
of 
of 
th 
ca 

p 
to 

di 

in 
20 

of 
H 

re 
an 
fo 
kee 
tio 
vel 
| tiv 
eit 
co 
libe 
pre 
tet 
by 
ph 

be 

an 
se 
tiv 
| 29) 
IN 
* 
anc 
of ] 

1 

IN 
ride 

di 
2,2 

tet 


Tue JOURNAL oF BIOLOGICAL CHEMISTRY 
Vol. 235, No. 2, February 1960 
Printed in U.S.A. 


A Colorimetric Method for the Estimation of 
Succinic Dehydrogenase Activity* 


MarvIN M. NAcHLAS, STANLEY I. MARGULIES, AND ARNOLD M. SELIGMAN 


From the Departments of Surgery, Sinai Hospital of Baltimore, Inc., and The Johns Hopkins University School 
of - edicine, Baltimore, Maryland 


(Received for publication, July 20, 1959) 


Many methods for the measurement of succinic dehydro- 
genase activity have been proposed (1-20). These have varied 
from measurement of the entire system of electron transport 
with oxygen as the final acceptor (5, 21), to the determination 
of succinic dehydrogenase activity itself (6, 9, 22). The assay 
of succinic dehydrogenase alone was made possible by the finding 
that phenazine methosulfate can act as an intermediate electron 
carrier between this dehydrogenase and molecular oxygen. That 
phenazine methosulfate can act similarly as an electron carrier 
to tetrazolium salts, such as 2,2’,5,5’-tetraphenyl-3 ,3’-(3 ,3’- 
dimethoxy-4,4’-biphenylene) ditetrazolium chloride, was shown 
in the histochemical preparations of Farber and Bueding (23). 

The stability of the formazans formed on reduction of tetra- 
zolium salts has been used advantageously in the development 
of colorimetric methods for succinic dehydrogenase (16-20). 
However, the insoluble nature of the formazans produced upon 
reduction has made necessary the extraction of the pigment into 
an organic solvent for colorimetry. The observation that some 
formazans exhibit substantive properties (24) suggested that the 
addition of a simple protein into the reaction mixture might 
keep the formazan dispersed finely enough to permit determina- 
tion of the color density in aqueous solution. Gelatin served 
very well for this purpose, since it did not alter enzymatic ac- 
tivity. 

Although some of the tetrazoles that have been employed 
either were not readily reduced by succinoxidase or could not 
compete sufficiently well with oxygen for the enzymatically 
liberated electrons, so that anaerobiosis was required (16-18), 
previous work led to the recognition that the sensitivity of the 
tetrazole or the ease of its reduction could be markedly influenced 
by certain electronegative groups attached to either the N-2 
phenyl or N-3 phenyl rings (25-27). Thus, INT! was found to 
be reduced much more rapidly than its unsubstituted triphenyl 
analogue (20, 25, 27, 28). Similarly, nitro-BT was a much more 
sensitive histochemical indicator of succinic dehydrogenase ac- 
tivity than its analogue, BT, which lacked the nitro moiety (24, 
29). In addition to their more rapid reduction, nitro-BT and 
INT competed satisfactorily with molecular oxygen, thus elimi- 


* This investigation was supported by research grants (CY-2478 
and H-3223) from the National Institutes of Health, Department 
of Health, Education, and Welfare, Bethesda, Maryland. 

1The abbreviations used are: PMS, phenazine methosulfate; 
INT, 2-p-iodopheny]-3-p-nitrophenyl-5-phenyltetrazolium chlo- 
ride; nitro-BT, 2,2’-di-p-nitropheny]-5, 5’-dipheny]-3,3’-(3,3’- 
dimethoxy-4,4’-biphenylene) ditetrazolium chloride; and BT, 
di- 
tetrazolium chloride. 


nating the need for the anaerobic state during incubation. Vari- 
ous tetrazolium salts were synthesized to evaluate the effect of 
various substituents in the N-2 phenyl and N-3 phenyl groups, 
and it was found that INT was reduced by the succinic dehy- 
drogenase activity of homogenates as well as or better than any 
of the other tetrazoles studied (26, 27). Furthermore, PMS 
served as an intermediate electron carrier between reduced suc- 
cinic dehydrogenase and INT. 

This report describes a colorimetric method for estimating 
soluble succinic dehydrogenase in homogenates; the method 
differs from other colorimetric procedures in that it uses PMS 
to make possible the transfer of electrons directly from the pri- 
mary dehydrogenase rather than from other parts of the suc- 
cinoxidase system. In addition, this method eliminates the 
necessity of extracting the pigment into an organic solvent for 
colorimetry, by the use of gelatin to stabilize the colloidal sus- 
pension of the pigment. 


MATERIALS AND METHOD 


Enzyme Source—The livers of freshly killed rats and dogs were 
homogenized for 1 to 3 minutes with a motor-driven ground- 
glass homogenizer. A stock homogenate was made at a concen- 
tration of 5 mg per ml (wet weight) in 0.1 m phosphate buffer, 
pH 7.7. The gross debris was removed by centrifugation for 
about 30 seconds in an International clinical centrifuge, and the 
opalescent supernatant was used as the stock enzyme solution. 
This solution could be stored at 5° without any significant loss 
of activity for as long as 8 hours, and with some deterioration of 
enzymatic activity after several days, when the homogenate was 
stored at a concentration of 15 mg per ml. 

Reagents—The reagents were sodium succinate? (0.2 m), 0.5 ml; 
phosphate buffer (0.1 mM), pH 7.7, 1.5 ml; gelatin’ (0.1%), 0.5 ml; 
INT* (0.2%), 1.0 ml; PMS® (0.8%), 0.5 ml; hydrochloric acid 
(0.25 m), 0.5 ml; sodium fumarate (0.1 m), 0.5 ml. Gelatin was 
stored in small aliquots as a 5% solution in water at 5°. The 
more dilute stock solution used in the assay was prepared weekly. 
PMS was synthesized® according to the method of Kehrmann 
and Havas (30, 31). A stock solution of 8 mg per ml of PMS 
in distilled water was stored at 5° in a brown bottle or in a bottle 
wrapped with aluminum foil. The decomposition of this reagent 


2 Fisher Scientific Company, Silver Springs, Maryland. 

3 Charles B. Knox Gelatine Company, Inc., Johnstown, New 
York. 

‘Borden Company, Chemical Division, Dajac Laboratories, 
Philadelphia 24, Pennsylvania. 

5 Acknowledgement for the preparation of this reagent is due 
Dr. Shankar Karmarkar. 
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is discussed in the ‘‘Experimental” section. A stock solution of 
INT (2 mg per ml) could be stored at 5° for several months. 
Buffers were measured at 37° as well as at room temperature 
and were found to check within 0.1 pH unit. 

Technique of Enzyme Assay—The reaction mixture was pre- 
pared by adding the stock solutions of sodium succinate, phos- 
phate buffer, tetrazolium salt, and gelatin to a series of colori- 
metric tubes. The temperature of the solution was brought to 
37° in a water bath; then the enzyme (0.5 ml) and PMS were 
added separately. The incubations were carried out at 37° for 
15 minutes. The enzymatic reaction was stopped by adding 
hydrochloric acid to each tube, thus lowering the pH to 6.0, or 
by transferring the tubes from the incubator to an ice bath. The 
color density readings could be made at any time within the 
following 30 to 60 minutes in a Klett-Summerson photoelectric 
colorimeter with a 540-my filter. The colorimeter was adjusted 
to zero reading with the control tube, which contained all the 
reactants except for sodium succinate, which was replaced by an 
equal volume of sodium fumarate. These control tubes were 
usually yellow in color and against a water blank read about 150 
units on the colorimeter. As described below, in “Experimen- 
tal,’’ it 1s most important to protect the assay tubes from exposure 
to direct sunlight or bright daylight. 

The selection of the reagents to constitute the blank presented 
a problem, since the combination of INT and PMS underwent 
some reaction at pH 7.7 and 37°, and resulted in darkening of 
the solution. This reaction was impeded by the presence of 
succinate but was not prevented by heat inactivation of the 
enzyme. Three dicarboxylic acids, fumaric, maleic, and malic, 
were found to retard the PMS-INT color reaction to the same 
extent as succinate, although at somewhat different concentra- 
tions. Sodium fumarate was arbitrarily chosen as the control 
reagent. Thus the reaction mixtures of the assay and control 
tubes are identical, except that fumarate replaces succinate in 
the control tube. Significant reduction of INT by fumarate was 
not observed with any species of liver examined under the condi- 
tions of this assay. The difference in optical density between 
the two tubes is a measure of succinic dehydrogenase activity. 

Although as much as 80 yg per ml of formazan appears to re- 
main in colloidal solution for several hours, a higher concentra- 
tion of formazan precipitates rather rapidly. The presence of as 
little gelatin as 0.01% in the reaction mixture during reduction 
increases the stability of the colloidal suspension even at the 
higher concentrations of formazan and for a considerably longer 
time than is possible without this dispersing agent. The gelatin 
had no effect on enzymatic activity. 

Calibration Curve—This matter presented a difficult problem, 
since the ordinary chemical reducing agents which were suitable 
for reduction of INT to the formazan reacted with PMS to pro- 
duce interfering substances. A satisfactory formazan concentra- 
tion curve was finally obtained by the use of DPNH as the reduc- 
ing agent. This substance did not reduce INT unless PMS was 
present. The following procedure was adopted for the construc- 
tion of a calibration curve. Varying amounts of INT (from 0.04 
to 0.24 mg) were placed in a series of colorimeter tubes contain- 


6 For convenience, it is possible to prepare enough reaction mix- 
ture for experiments planned during 1 or 2 weeks. The combined 
reagents are stable for that period of time when kept at 5°. Then, 
at the time the experiments are to be performed, it is necessary 
only to measure 3.5 ml of the mixture into each colorimeter tube. 
In the Deep Freeze (—18°) the stock reaction mixture was un- 
changed when tested at the end of 3 months. 
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ing gelatin, phosphate buffer (pH 7.7), and liver homogenate in 
concentrations such that when all the reactants were present in 
the final volume of 5 ml, the concentration of each substituent 
was similar to that found in the assay method. A solution of 
DPNH was freshly prepared in cold distilled water, and 2.5 mg 
were introduced into each of the tubes containing the INT, 
PMS (0.1 mg) was added to each tube and 2 to 3 minutes were 
allowed for complete reduction of the INT. At this time an 
additional 3.9 mg of PMS which was dissolved in 0.1 m phos- 
phate buffer at pH 7.7 and had been standing for 15 minutes at 
37°, was added, with a resultant shift in color from red to rust. 
The colorimeter was set to zero reading with the blank tube in 
which water replaced the INT solution. The color densities 
were found to be proportional to the formazan concentrations. 
Thus the Klett readings obtained by the enzymatic reduction of 
INT in the presence of PMS, which represented the succinic de- 
hydrogenase activity of the homogenate, could be converted to 
micrograms of formazan by reading from the standard curve 
just described. 


EXPERIMENTAL 


Enzyme Kinetics—The reaction rate was linear with time over 
a 30-minute incubation period, with a slight decline noted at the 
end of 1 hour. Variations in the concentration of sodium suc- 
cinate from 1 X 10-3 m to 5 X 107? o indicated that the sub- 
strate concentration (2 < 10-? m) used in several other methods 
was also optimal with this technique. The activity was found 
to be linear with the amount of enzyme present between 0.1 and 
2.0 mg (wet weight) of liver homogenate. The influence of tem- 
perature was tested at 7°, 22°, and 37°. Activity was very low 
in the cold, and at room temperature approximated 25% of the 
activity obtained at 37°. Anaerobiosis did not increase the 
amount of formazan produced in this assay. 

The effect of pH was studied over the range of 6.0 to 
9.0, both with and without PMS. Presumably, when PMS is 
omitted, the electrons are transferred to the tetrazole from some 
other component in the electron transport chain, rather than 
directly from succinic dehydrogenase (21). In spite of this differ- 
ence in the site of action, the curves showing activities at differ- 
ent hydrogen ion concentrations are fairly similar (Fig. 1). 
These values were obtained with rat liver as the enzyme source, 
acetate buffer (0.1 m) containing phosphate ion (final concentra- 
tion 0.03 m) for pH 6.0 and 6.5, and Tris buffer (0.1 m) contain- 
ing the same concentration of phosphate ion for pH 7.0 to 9.0. 
The phosphate ion was included in each test because of the re- 
ports that it was essential for the measurement of the activity 
of succinic dehydrogenase isolated from beef heart (7, 8, 21). 
With the present method, optimal activity was noted at pH 8.0, 
with a rather sharp peak when PMS was used. In many of the 
previously reported methods for measuring succinic dehydro- 
genase activity, a pH of 7.4 to 7.6 was used. McShan has em- 
phasized that the optimal pH varies with the dye used as the 
electron acceptor (32). 

The pH optimum is also related to the buffering system used 
in the incubation medium. When Tris and Veronal buffers 
were used at pH 8.0, activities comparable to those with the 
phosphate buffering system were not obtained, in spite of the 
many reports that phosphate ion had no effect on succinic de- 
hydrogenase when assayed by a variety of techniques (12, 15, 
33, 34). In Fig. 2, it may be noted that succinic dehydrogenase 
activity in rat liver homogenate can be measured with either 
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Fic. 1. Rat liver served as the enzyme source, 3 times the 
amount being used when PMS was absent. The concentrations of 
the reagents in the reaction mixture were similar to those given in 
“Methods’’ except for the buffering systems. Both the acetate 
buffers (pH 6.0 and 6.5) and the Tris buffers (pH 7.0 through 9.0) 
contained phosphate ion, such that the final concentration of phos- 
phate in the incubation media was 0.033 m. The incubations were 
carried out at 37° for 15 minutes. The pH of the buffers were 
checked at 37°. 


phosphate or Tris as the buffering system either in the presence 
or absence of PMS. Without PMS, the optimal activity in the 
phosphate buffer occurs in the range of pH 7.7 to 8.0; but the 
enzyme is also quite active in Tris buffer between pH 8.0 and 8.5. 
With PMS, almost equal dehydrogenase activity is present in 


_ the two buffering systems at the optimal pH for each buffer. 


However, the pH optimum in the phosphate buffer occurs at 
pH 7.7, whereas the activity curve in the Tris buffer shows the 
optimum more closely confined to pH 8.3. Thus, at the lower 
pH ranges, especially at pH 7.6 as used by Singer e¢ al., phos- 
phate ion appears to have a strikingly activating effect. How- 
ever, the need for phosphate ion is not apparent at higher pH. 
The important hypotheses which these experiments appear to 
support are that succinic dehydrogenase activity is not depend- 
ent upon the presence of phosphate ion and that the optimal 
pH is dependent upon both the buffering system used and the 
site of electron transfer. 

Optimal Tetrazolium Salt Concentration—INT was tested at 
concentrations varying from 0.15 to 1.2 mg per ml. In agree- 
ment with the findings of Glick and Nayyar (19), there is an 
optimal concentration of tetrazolium salt; but the optimal range 
was found to be different, since their optimal concentration was 
2 to 3 mg per ml, whereas ours was 0.44 mg per mlof INT. At 
1.2 mg per ml the activity was only 70% of the maximum. One 
might assume that this difference could be explained by the fact 
that they used tissue sections without PMS, whereas we em- 
ployed homogenates with PMS. That this supposition is prob- 
ably not valid is shown by data of Defendi and Pearson (28), 
who observed that the optimal INT concentration in their histo- 
chemical preparations was 0.33 mg per ml, which corresponds 


M. M. Nachlas, S. I. Margulies, and A. M. Seligman 


501 


closely to the concentration (0.44 mg per ml) found to be optimal 
in our experiments. Since the optima are affected by many 
factors such as variations in tissue, we attach no special physical 
significance to these values. 

Phenazine Methosulfate—Although there is considerable litera- 
ture on the chemistry of phenazines (31), relatively little atten- 
tion has been drawn to their potential value in biochemical sys- 
tems. In 1938, Dickens and MclIlwain (22) first demonstrated 
the value of several phenazine derivatives as electron carriers in 
a variety of dehydrogenase systems. Nevertheless, these com- 
pounds were largely ignored by biochemists for about 16 years, 
until Singer e¢ al. (6) emphasized the value of PMS for the meas- 
urement of purified succinic dehydrogenase. 

Certain color changes of PMS which were observed interested 
us, and we may be able to explain them in the light of available 
information (31). When a solution of PMS was exposed to sun- 
light, the pale yellow solution turned green within 5 to 10 min- 
utes, the change appearing first on the surface. The rate of 
development of color and the intensity of the green color were 
not influenced by eliminating air. The green color was presum- 
ably due to photochemical disproportionation which resulted in 
the formation of some semiquinone, which is green and has been 
prepared before (31). That this green reaction mixture con- 
tained some reduced PMS was shown by the immediate reduc- 
tion of INT upon its introduction, with a change from trans- 
parent green to muddy brown due to the insoluble formazan. 
The red formazan was readily extracted with ethyl acetate and 
a lighter green aqueous layer was left. Ordinary laboratory day- 
light produced this photochemical reaction only after hours of 
exposure, and so this complication can be easily avoided. Be- 
sides the exclusion of sunlight, lowered pH and temperature, 
and also certain metallic ions were found to exert a stabilizing 
effect upon PMS. When a stock solution of PMS was placed 
in the refrigerator in a clear glass container, it became slightly 
brown within a week and dark muddy brown within a month. 
At —5° this change was not noted even after 2 months. Cations 
such as Ca++, Mgt+, Mnt+, Cot+, Cut+, Bat+, Zn+*+, Sn*+++, 
when present at a concentration of 10-! m, prevented decomposi- 
tion of PMS on storage for 1 month but were not protective 
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Fig. 2. Comparison of succinic dehydrogenase activity at vari- 
ous hydrogen ion concentrations with Tris (@- - -@) and phos- 
phate (@——@) as the buffer systems, both in the absence and 
presence of phenazine methosulfate. Incubation conditions and 
materials employed were similar to those of Fig. 1 except for the 
buffers. 
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TABLE I 

Influence of various reagents upon succinic dehydrogenase activity 

Rat liver homogenate served as the enzyme source. In the ex- 
periments without PMS the homogenate was used at 3 mg per ml, 
whereas in the reactions containing PMS, the homogenate con- 
centration was 1 mg per ml. The chloride salts of the various 
metal ions were used. The enzyme was preincubated with the 
reagents studied for 15 minutes at 37° and at a concentration of 
5 X 10°-* m (except for p-chloromercuribenzoate which was used 
at one-tenth this concentration). During the incubation period, 
the reagents were present in a concentration of 1.1 & 1073 Mm. 
The values given below are the averages obtained from three 
separate sets of experiments, and represent the percentage of suc- 
cinic dehydrogenase activity in the presence of the reagent, when 
the control activity is considered equal to 100%. 


Activity 
Reagents 
PMS absent PMS present 

% % 
100 100 
10 0 
N-Ethyl maleimide................... 6 0 
p-Chloromercuribenzoate............. 7 0 
against sunlight. For this reason, these protective ions were not 
used in the assay. 


In the manometric method of Singer et al. (21), the optimal 
concentration of PMS was noted in the range of 0.66 to 1.0 mg 
per ml. Variations in PMS concentration from 0.01 to 2.0 mg 
per ml were tested at pH 7.7 with INT as the final electron ac- 
ceptor. A sharp rise in activity was noted with increasing PMS 
concentrations up to about 0.7 mg per ml, at which point the 
curve became asymptotic, and so the concentration of PMS se- 
lected for the colorimetric assay was 0.9 mg per ml. 

Inhibitors and Actwators—The results of experiments to show 
the influence of certain metal ions and organic compounds on 
the dehydrogenase reaction both with PMS and without PMS 
are given in Table I. The reagents studied were preincubated 
at a concentration of 5 X 10-* m with the liver homogenate for 
15 minutes at 37°. The concentration after the reaction mixture 
was added was 1.1 X 10-*m. Several of the compounds studied 
by this method were selected because, in other investigations, 
properties had been ascribed to them which indicated their use- 
fulness for the measurement of succinic dehydrogenase activity 
in biochemical systems or for the demonstration of the enzyme 
in histochemical preparations. Of the metal ions studied, none 
had any significant effect in accelerating the enzymatic oxidation 
of sodium succinate (Table I). Cut**+, Hgt*, and Zn*t, as ex- 
pected, were strongly inhibitory. The striking inhibition exerted 
by Al+++ and Cot++ was quite unexpected, since both of these 
cations have been employed in biochemical or histochemical in- 
vestigations, and no significantly deleterious effects were noted 
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(5, 35-37). In fact, Al+++ and Ca++ were found to be activators 
when the succinoxidase system was studied. Apparently, differ- 
ent effects will be noted with a given reagent, depending upon 
both the type of enzyme preparation and the site at which elec- 
tron transfer is measured. In this study, inhibition due to Al+++ 
and Cot+ was noted both with and without PMS, indicating 
that the effect was exerted upon the primary dehydrogenase 
rather than upon the other reactions involved in the measure- 
ment. Sulfhydryl reagents which are known to inhibit the suc- 
cinoxidase system reacted similarly upon the primary dehydro- 
genase. p-Chloromercuribenzoate was as inhibitory as N-ethyl 
maleimide in one-tenth of the concentration. 

It was established as early as 1917 that cyanide blocked the 
measurement of succinoxidase by poisoning the cytochrome sys- 
tem but had no effect on succinic dehydrogenase. However, 
Tsou presented data to indicate that succinic dehydrogenase is 
slowly and irreversibly inhibited by cyanide (38). This finding 
has not invalidated previous work in which the enzyme was 
measured by methods which included cyanide, because the en- 
zyme is protected from cyanide inhibition by the presence of its 
substrate. As seen in Table I, cyanide produced a regular and 
marked activating effect which was most pronounced in the 
presence of PMS. It was not recommended for use in the assay, 
however, because the mechanism of its activating effect is not 
clear, and because the increased sensitivity which it afforded was 
not needed and did not outweigh the potential hazard and incon- 
venience associated with the routine use of cyanide in the labora- 
tory. 

Succinic Dehydrogenase Activity in Liver of Several Species— 
The colorimetric assay method was used to compare the enzy- 
matic activities of liver homogenate in the mouse, rat, dog, and 
man. All homogenates were prepared in the same manner and 
at the same concentrations. One unit of succinic dehydrogenase 
activity is defined as the amount of enzyme which will yield 1 
ug of formazan under the conditions of the assay method. The 
activities per mg of liver (wet weight) were 79 and 105 units in 
2 mice, 128 and 141 units in 2 rats, 85 and 126 units in 2 dogs, 
and 60 units in each of the 2 human specimens tested. | 

Experiments with Purified Succinic Dehydrogenase’—Although 
it has been well documented that PMS is necessary for the trans- 
fer of electrons from purified succinic dehydrogenase to oxygen 
(6, 8, 21, 39), it was important to know whether PMS was also 
necessary in electron transfer to INT. Reduction of INT by 
homogenates did occur without PMS, although at significantly 
slower rates. When a solution of purified succinic dehydrogenase 
(0.1 ml) was added to the reagents in the assay method, INT 
reduction proceeded rapidly (2 to 3 minutes). However, when 
PMS was omitted, no significant formazan production was noted 
for as long as an hour. Thus the assay method measures the 
activity of soluble succinic dehydrogenase. In one experiment, 
the purified enzyme obtained from beef heart mitochondria con- 
tained 440 units per mg of acetone powder. 


DISCUSSION 


Although, in the past, the measurement of succinoxidase served 
to furnish information concerning the electron transport system, 
data obtained by such measurements could not be identified 
with succinic dehydrogenase activity per se. Until recently, 
oxygen uptake by means of the cytochrome system (2, 5) or by 


7 This material was prepared by Mr. Francis Stolzenbach ac- 
cording to the procedure recommended by Singer e¢ al. (39). 
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methylene blue (8, 14) was the end point of assay methods in 
common usage. The anaerobic measurement of the rate of re- 
duction of oxidation-reduction dyes, such as methylene blue or 
indophenols, was also used (10, 12, 13). Cooperstein et al. (15) 
have pointed out that one cannot be certain that S8uccinic dehy- 
drogenase activity is the rate-limiting factor in the presence of 
other components of the coupled enzyme system. They have, 
therefore, reintroduced and improved the technique of using the 
rate of cytochrome c reduction as a measure of succinic dehydro- 
genase activity. Since then, other methods have been intro- 
duced (9, 13, 16-20, 29), but all apparently require that more 
than one enzyme be involved in the assay procedure. 

With the demonstration by Singer et al. (6) that PMS accepted 
electrons directly from the purified enzyme preparation, the 
measurement of oxygen uptake became a more reliable index of 
succinic dehydrogenase activity. They also pointed out (21) 
that certain unfavorable properties of PMS eliminated the pos- 
sibility of measuring the production of leucophenazine with a 
spectrophotometer. However, the possibility of developing a 
colorimetric assay technique was suggested (21) and later verified 
when Farber and Bueding (23) demonstrated that in histochemi- 
cal preparations, PMS served as an intermediate electron carrier 
between the reduced enzyme and the tetrazolium salt, BT. As 
the data in this publication indicate, INT is reduced during the 
enzymatic oxidation of succinate in homogenates, both with and 
without PMS. In the former situation the electrons are trans- 
ferred from enzyme to PMS to tetrazole, but the pathway in- 
volved without PMS (about one-third the rate) remains to be 
determined. 

SUMMARY 


A colorimetric method has been described for the assay of 
succinic dehydrogenase activity. The main principle involved 
is the use of phenazine methosulfate as the intermediate electron 
carrier between the reduced enzyme and 2-p-iodophenyl-3-p- 
nitrophenyl-5-phenyl tetrazolium chloride. Although the for- 
mazan has very little solubility in water, the presence of gelatin 
in the medium helps keep the small amount of formazan formed 
in fine colloidal dispersion, so that Beer’s law is applicable in 
the range of measurement (between 40 and 240 ug of formazan). 
The colorimetric assay has the advantages of sensitivity and 
simplicity. 

The method was used to demonstrate some of the enzyme 
kinetics with rat liver homogenate as the enzyme source. Op- 
timal activity was found to depend on both the hydrogen ion 
concentration and the buffering system used. Phosphate ion 
was not necessary for enzymatic action. The effects of a variety 
of cations and organic compounds on succinic dehydrogenase 
activity were determined with the new method. Homogenates 
of liver from 4 different species were found to contain 60 to 141 
units of succinic dehydrogenase per mg of tissue, whereas a puri- 
fied preparation of enzyme obtained from beef heart mitochondria 
contained 440 units per mg of acetone powder. 


Acknowledgment—Acknowledgment for technical assistance is 
due Mr. Jerome Goldberg. 
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Two specific chemical loci have been implicated in the catalytic 
action of yeast alcohol dehydrogenase: sulfhydryl groups (2-5) 
and zinc (6, 7). The activity of this enzyme is inhibited by 
agents considered to interact with —SH groups, e.g. iodoacetate 
(3), iodosobenzoate (5), iodoacetamide (5), trivalent arsenicals 
(4, 5), N’-ethylmaleimide,' ultraviolet irradiation (8), and certain 
metal ions: Ag+, Cut++, and Hg*++ and organic mercurials (2, 5, 9, 
10), and the hypothesis that —SH groups are active sites has 
largely rested upon the kinetics of inactivation. Among these, 
metal ions are considered chemically most specific for the analyti- 
cal demonstration of —SH groups (11, 12), and spectrophotomet- 
ric evidence, independent of activity measurements, indicates 
that p-chloromercuribenzoate, for example, does combine with 
—SH groups of this enzyme (13, 10). 

Similarly, there is both analytical and kinetic evidence that 
zinc is a site which is required for activity. Chelating agents 
inactivate the enzyme (6) and can be shown by physical meas- 
urements to combine with zinc to an extent that accounts for 
the observed degree of inhibition j(14, 15). Zinc is involved in 
the binding of the coenzyme (16) in a manner as yet undefined. 
Since yeast alcohol dehydrogenase combines physically with 
DPN and DPNH to form the active enzyme-coenzyme complex 
(16), and it is thought also to combine with the substrate mole- 
cules to form an activated, rigidly oriented, ternary complex 
(18-20), two different binding sites may actually exist on the 
enzyme, one for the coenzyme alone, and another, suitably ad- 
jacent, for the substrate alone. 

However, changes in activity of an enzyme can also be pro- 
duced secondarily by group-specific agents, when the affected 
groups are involved in the maintenance of the active structural 
configuration of the protein, or when steric displacements by the 
added residues lead to inactivation or denaturation (11). In 
these cases, such groups are not “active sites” in the sense in 
which this designation is employed conventionally, 7.e. directly 
involved in catalytic action by binding substrates or coenzyme. 
Evidence exists that —SH groups play such a secondary role, 
perhaps in addition to a primary one (10). Removal of zinc 
also alters the structure of yeast alcohol dehydrogenase (15, 21), 
and B. subtilis amylase (22), and zinc may also have both primary 
and secondary roles in function and structure. Further, the 


* This work was supported by grants-in-aid from the National 
Institutes of Health of the Department of Health, Education and 
Welfare, Grant No. 3117(C), and the Howard Hughes Medical 
Institute. A preliminary account has been reported (1). 

t Postdoctoral Fellow of the National Foundation. 

1 Unpublished observations. 


parts that —SH groups and zinc play in yeast alcohol dehydro- 
genase activity may be separate and distinct, or may be inter- 
related. 

The present studies examine the role of —SH groups in the 
structure of this enzyme, and the interrelationship between —SH 
groups and zinc in yeast alcohol dehydrogenase function and 
structure, utilizing Ag+, Hg++ and p-chloromercuribenzoate as 
—SH specific reagents. It was previously shown that chelating 
agents can inhibit by binding to zinc, but without affecting titrat- 
able —SH groups (10, 23). 

It is here shown conversely that the formation of mercaptides 
produces inhibition, but without affecting the zinc content of the 
enzyme. However, secondarily, changes in the protein structure 
of the enzyme and of its zinc content are produced by these —SH 
reagents; these changes appear to be independent of the roles of 
—SH in catalysis. 


Materials and Methods 


Crystalline yeast alcohol dehydrogenase, obtained commer- 
cially (Boehringer and Soehne), was dissolved in phosphate or 
Tris buffer, pH 7.5, and dialyzed for 3 days against 2 x 10-7 um 
ethylenediaminetetraacetate at 4°, to remove loosely bound, ex- 
traneous zinc in excess of 4 gram atoms of zinc per molecular 
weight 150,000, and other extraneous metals. The ethylene- 
diaminetetraacetate was removed by exhaustive dialysis. In 0.1 
M pyrophosphate buffer at pH 8.8, 23°, with 1.67 x 10-? m DPN, 
0.33 m ethanol, and 4.5 x 10-° m enzyme, the turnover numbers 
of DPN by such preparations varied from 27,000 to 43,000. Pro- 
tein was measured with an absorption coefficient of 0.792 mg of 
yeast alcohol dehydrogenase per sq. cm (17), or gravimetrically 
after precipitation with trichloroacetic acid (24). These prep- 
arations were 96 to 100% monodisperse in the analytical ultra- 
centrifuge. Yeast alcohol dehydrogenase was also prepared in 
our laboratory by a modification of the procedure of Racker (25); 
fourth crystals, which were dissolved and used directly, had ac- 
tivities and zinc content comparable to the dialyzed commercially 
obtained enzyme, and were monodisperse in the ultracentrifuge. 

DPN (Pabst Laboratories) was 95% pure as estimated by 
cyanide complex formation (26). Reagent grade 95% ethanol 
was used without further purification. Glutathione (Schwarz 
Laboratories, Inc.) was dissolved and titrated to pH 7.5 with 
NaOH daily before use. p-Chloromercuribenzoic acid (Sigma 
Chemical Company) was dissolved in 1 Nn NaOH each day and 
titrated to the desired pH with metal free HCl just before use. 
Tris(hydroxymethyl)aminomethane (Sigma Chemical Company) 
buffer was extracted with dithizone in carbon tetrachloride at 
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pH 2.0 and pH 7.5 to remove metal contaminants. NaOH, 
AgNOs, HgClz, ZnSO, NaH3PQ,, and were reagent 
grade chemicals, used without further purification. The purifi- 
cation of water, chemicals, and glassware has been described (6). 

Enzymatic activity was measured spectrophotometrically at 
23°, observing the rate of DPNH formation at 340 my, as previ- 
ously described (6). For comparison, the reaction mixture used 
by other investigators (9) was employed in certain experiments 
as indicated in the text: DPN, 4.5 x 10-4 m; ethanol, 0.1 m; 
HgCle, 2.6 10-7 Mm; yeast alcohol dehydrogenase, 1.5 
u; ZnSQ,, 1 X 10-‘m; GSH, 0.01 m; total volume, 3.0 ml. 

For dialysis experiments the zinc content of solutions or en- 
zyme preparations was determined microchemically (27); 0.10 
to 1.20 wg of zinc could be measured precisely by reducing the 
volume of complex-forming buffer and increasing the spectropho- 
tometric sensitivity with a 5-cm path-length cell (28). The co- 
efficient of variation of 10 determinations on a linear calibration 
curve was +7%. Silver was measured colorimetrically with 
dithizone (29); no interference between Ag+ and Zn++ was en- 
countered. The presence of Hg*t*, or p-chloromercuribenzoate, 
interfered with the chemical estimation of zinc, and in the pres- 
ence of both, zinc was measured spectrographically (30). 

Rapid dialysis of ionic zine or zinc released from the enzyme 
was carried out in precleaned (31) narrow cellulose casings (Visk- 
ing Company). The inner volume was 8.0 ml, and the volume 
of the outer dialysate 90 ml; stirring was accomplished by bub- 
bling vigorously with nitrogen. Enzyme and inhibitor were 
mixed in the open dialysis tubing, placed in the dialysate contain- 
ing identical concentrations of inhibitor. Enzyme samples were 
obtained with micropipettes, and as samples of 10 ml of dialysate 
were removed for zinc analysis, they were replaced by 10 ml of 
buffer-inhibitor mixture to maintain a constant volume of dial- 
ysate. Under these conditions, dialysis of 21 ug of Zn(NOs)2 
resulted in a linear loss of 34% of the zinc from the dialysis bag 
in 1 hour, and of 90% in 12 hours. : 

Ultracentrifugal sedimentation patterns were obtained with a 
Spinco model E refrigerated ultracentrifuge at 260,000 x g; the 
operating temperature was 2 to 3°. A standard protein concen- 
tration of 8 mg per ml was dissolved in 0.1 m Tris or phosphate 
buffer, pH 7.5. The s20,. sedimentation constants are not cor- 
rected for absolute viscosity, but are corrected for the effects of 
temperature on the viscosity of the buffer. 


RESULTS 


Effects of Silver and Mercurials on Activity 


Yeast alcohol dehydrogenase is inhibited instantaneously? by 
Ag* and p-chloromercuribenzoate (10). When the yeast alcohol 
dehydrogenase concentration is 6.7 X 10-9 m, 50% inhibition was 
observed with 8.8 x 10-* m Agt, and 1.5 = 10-7 m mercuri- 
benzoate, although the precise values for 50% inhibition vary 
with different preparations of the enzyme (10). These inhibi- 
tions are reversed partially by the addition of 0.01 m GSH, but 
the fraction of activity restored upon addition of GSH depends 
on the previous duration of contact of enzyme and inhibitor. 
HgCle, 2.5 10-7 M, inhibits 4.5 x m yeast alcohol dehy- 
drogenase completely (Fig. 1). When the time of contact be- 


? “Instantaneously”’ here refers to the inhibition observed when 
the inhibitor is placed in the enzymatic reaction mixture, and 
enzyme is added last to start the reaction; initial rates are meas- 
ured automatically within 5 seconds after enzyme and inhibitor 
are in contact (16). 
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Fig. 1. Instantaneous inhibition of yeast alcohol dehydrogen- 
ase by mercuric chloride, and its reversibility by the addition of 
glutathione in the presence of zinc ions. The lines are enzymatic 
rates, plotted as absorbancy at 340 mu, (ODaao), versus time, ob- 
tained at various times after the addition of 0.01 m GSH, with and 
without simultaneous addition of ZnSO, (1 K 10-4m). The reac- 
tion is initiated by adding yeast alcohol dehydrogenase (1.5 X : 
10-9 m) to a mixture containing HgCl. (2.5 K 107-7 M), a concentra- 
tion which results in complete, instantaneous inhibition. Activ- 
ity measurements: DPN, 4.5 X 10-4 M; ethanol, 0.1 mM; in 0.1 M 
Tris buffer, pH 7.5, 23°. 


tween this concentration of HgCl. and enzyme is increased from 
0.5 minute to 10 minutes, the GSH-restored activity decreases 
from 54% of the control activity to 17%. Ag*, 2.6 x 10-7 M, 
and 2.5 X 10-7 m p-chloromercuribenzoate produce similar time- 
dependent decreases in the degree of reversibility by 0.01 m GSH 
under identical conditions. The loss of reversibility in the pres- 
ence of Hgt+ and p-chloromercuribenzoate is qualitatively simi- 
lar, but reversibility is lost more rapidly in the presence of Ag*. 

The addition of Zn++ ions does not affect the inhibition by 2.5 
X 10-7 m HgCl, (Fig. 1). The addition of 10-4m ZnSOQ,, alone, 
before, or with 0.01 m GSH, either produces no change in the 
completely inactivated enzyme, or no change from the degree of 
activity restored by GSH addition alone. The experimental con- 
ditions are precisely those under which Zn++* addition was re- 
ported (9) to be necessary for restoration of activity. The pres- 
ent results, with only activity as a criterion, indicate that the 
combination of Ag* or mercurials with this enzyme, resulting in 
inhibition, is not reversible by addition of Zn** ions. 


Actiwity, Reversibility, and Zinc-binding 


The relationship of these phenomena of partially reversible 
inhibition to the actual binding of zinc to yeast alcohol dehydro- 
genase was examined by direct measurements of enzyme zinc. 
Fig. 2 is a plot of the percentage of zinc bound to enzyme against 
the duration of dialysis, when 8 ml of 8 K 10-* m yeast alcohol 
dehydrogenase, mixed with 1 x 10-4 m AgNO, is dialyzed 
against 90 ml of 1 x 10-4 m AgNO;. Partial activity and the 
degree of reversibility upon GSH addition are also plotted against 
time. All activity is lost instantly; within 2 minutes, only 8% 
of the control activity is recoverable, and after 1 hour, reversal 
of activity is not observed when 0.01 m GSH is added. During 
this first hour, 10% of the enzyme-bound zinc is released; this 
may be compared to the release of 34% when an equal amount 
of ionic zinc is similarly dialyzed. 
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Fig. 2. Instantaneous inhibition of yeast alcohol dehydrogen- 
ase (YADH) by silver nitrate; the effects on zinc content and 
activity, and the restoration of activity by glutathione in the 
first hour. Activity and zinc content of yeast alcohol dehydro- 
genase (8 X 10-6 m) both expressed as percentage of the control 
values, are plotted versus duration of dialysis in the presence of 
1 X 10-* silver nitrate. Activity and its restoration after addi- 
tion of 0.01 m glutathione are measured in 0.026 m Tris buffer, pH 
7.5, 23°; DPN, 1.67 X 10-3 m; ethanol, 0.33 m. 
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Fic. 3. Instantaneous inhibition of yeast alcohol dehydrogen 
ase (YADH) by silver nitrate; zinc content after 1 hour, and up 
to 72 hours, of dialysis. Conditions are identical to those in 
Fig. 2. 


After the first hour, the irreversibly inactivated protein was 
dialyzed up to a total of 72 hours after exposure to Ag* ions. 
Changes in solubility of protein were not noted. Fig. 3 shows 
that during this later period enzyme zinc is released progressively 
from the now inactive enzyme, until only 8% of the original 
amount remains at 72 hours. In contrast, ionic zine dialyzes 
much more rapidly during the first 6 hours, reaching equilibrium 
by the 12th hour. At the end of dialysis in an experiment sim- 
ilar to that shown in Fig. 3, 0.173 umole of yeast alcohol de- 
hydrogenase contains 8.60 uwmoles of Ag+ from a total of 12.4 
umoles of Ag* in the dialysate (69%); concomitantly, 0.46 umole 
of zinc was released out of a total of 0.65 umole (71%), from 
enzyme containing 3.8 gram atoms of zinc per mole. In this 
delayed liberation of zinc from the inert enzyme, the rate of dis- 
appearance of silver from the dialysate varies inversely with the 
rate of liberation of zinc from the protein. 

p-Chloromercuribenzoate interferes with the measurement of. 
zine by dithizone-carbon tetrachloride extraction, and therefore 
the time course of release of zinc from yeast alcohol dehydro- 
genase in the presence of completely inhibiting concentrations of 
the mercuribenzoate could not be determined in this manner. 
Instead, emission spectrography was employed, which is not sub- 
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Fic. 4. Effects of silver nitrate and p-chloromercuribenzoate 
(PCMB) on the ultracentrifugal sedimentation of yeast alcohol 
dehydrogenase. Enzyme concentration, 5.3 X 10-5 m; sedimenta- 
tion at 260,000 X g, 2°, in 0.1 m buffer. Control (top) is in phos- 
phate buffer, pH 7.5; schlieren patterns are taken 3 hours after 
the start of the experiment; the s2o, uncorrected for absolute vis- 
cosity, is 7.0S. In the presence of a 10-fold molar excess of the 
mercuribenzoate (middle), under the same conditions as the 
control, the slow moving species has a sedimentation constant of 
4.2 8, the fast moving, 6.9S. In the presence of a 10-fold molar 
excess of silver nitrate (bottom), in Tris buffer, pH 7.5, the major 
sete _— at 5.08, the minor, 7.2S; the control (not shown) 
was 7.2 S. 


ject to such interference, demonstrating that 91% of enzyme- 
bound zinc has been released at 72 hours after the start of dialysis 
of 0.075 umole of yeast alcohol dehydrogenase against 30 umoles 
of p-chloromercuribenzoate. 

Thus, Ag+ and the mercurial do not liberate zinc at the time 
when activity and reversibility of the inhibition by GSH addition 
disappear; but they do liberate zinc from the catalytically inac- 
tive enzyme after this time. 


Effects of Silver and p-Chloromercuribenzoate on Structure 


Concentrations of Ag+ or mercuribenzoate that inhibit activ- 
ity produce changes in the ultracentrifugal sedimentation pattern 
of yeast alcohol dehydrogenase. The enzyme in 0.1 m Tris buffer, 
at 2°, is 96% monodisperse, with a sedimentation constant of 
7.28 (Fig. 4). Under these very conditions in the same buffer, 
a 47-fold molar excess of AgNO; inhibits completely and instan- 
taneously. Three hours after addition of AgNO; the sedimenta- 
tion pattern shows a new species, sedimenting with a constant 
of 5.4 S and accounting for 91% of the total area of sedimenting 
materials on the schlieren diagram. A heavier species, with a 
constant of 8.1 S, apparently is the remainder of the original, 
sedimentable material. At a lower silver concentration, but still 
representing a 10-fold molar excess of this element as compared 
to enzyme concentration, 50% inhibition occurs instantaneously. 
Again, two sedimenting species are present, one with a constant 
of 5.08 (83% of the total area), the heavier with a sedimentation 
constant of 7.2 S, apparently representing the unchanged en- 


zyme. 
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Experiments with p-chloromercuribenzoate result in similar 
changes of the sedimentation pattern. For reasons detailed else- 
where, 0.1 m phosphate buffer was used.’ In this buffer the 
control sediments with a constant of 7.0S. Complete and in- 
stantaneous inactivation is observed with a molar ratio of p- 
chloromercuribenzoate to yeast alcohol dehydrogenase of 26. 
None of the original material sedimenting with a constant of 
7.0 S was resolved; the new species has a sedimentation con- 
stant of 3.3 S, but the pattern is obviously asymmetric and sug- 
gests the presence of heavier particles. A 10-fold molar excess 
of the mercuribenzoate brings about a partial activity of 30% 
and the schlieren pattern shows some 44% of material which 
sediments with a constant of 6.9 S, essentially that of the control; 
the remainder sediments more slowly, the constant being 4.2 S. 

Thus, concentrations of Ag+ and p-chloromercuribenzoate that 
inhibit activity instantaneously also induce new, more slowly 
sedimenting species secondarily and as a time-dependent function 
at the expense of the normal yeast alcohol dehydrogenase. 


DISCUSSION 


Silver and mercury salts, long known to inhibit enzymatic ac- 
tivities in very low concentrations, bind to —SH groups, are 
employed analytically for the detection of their presence in pro- 
teins, and are generally accepted as among the most specific re- 
agents available for such groups (11, 32). Inhibition of enzymes 
by these and other —SH reagents, and reversal of such inhibition 
by additions of —SH-containing compounds, usually serve as 
criteria for the identification of a “sulfhydryl” enzyme (11). 
Yeast alcohol dehydrogenase meets these criteria. 

With the use of such kinetic criteria alone, the present data 
confirm that Ag+, Hgt+, or the mercuribenzoate exert their inhibi- 
tory action by combining with —SH groups on yeast alcohol 
dehydrogenase. The instantaneous inhibition of the enzyme 
seems to be entirely independent of its zinc atoms: they are not 
displaced in the process, nor do they affect the reversibility of 
the inhibition with GSH. The latter seems contrary to other 
findings (9), although the present investigations were designed 
to be identical in all reported experimental details; this disparity 
is currently unexplained. Thus, the catalytic events can be af- 
fected by selective blocking of —SH groups and independently 
entirely of the zinc atoms. Conversely it has been shown that 
inhibition can be induced by selective blocking of the zinc atoms 
with chelating agents and without altering the number of titrat- 
able —SH groups (10, 23). 

Chemical measurements of zinc corroborate directly the in- 
ference drawn from the observations on enzymatic activities 
(Fig. 2). Neither the instantaneous inhibition nor the time- 
dependent loss of reversal upon GSH addition result in significant 
displacements of zinc from the enzyme. Thus it is the forma- 
tion of mercaptides rather than the displacement of zinc by Agt 
or p-chloromercuribenzoate which is the basis of the inhibition 
by Ag+, Hgt+ and mercuribenzoate, accepting the specificity of 
these —SH reagents. 

Long after all activity is irreversibly lost, these agents can, 
however, displace zinc, and, subsequent to this, the yeast alcohol 
dehydrogenase protein dissociates. Whether these changes are 
due to further combinations of Ag+ or the mercuribenzoate with 
“masked” free —SH groups in the active molecule, or to reactions 
of these agents with other groups of yeast alcohol dehydrogenase 
(10), such as —S—S— (33), carboxyl, or amino (34), cannot be 


3F. L. Hoch and B. L. Vallee, (in preparation). 
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answered on the basis of the present data. In the native protein 
24.4 + 2.6 gram atoms of Ag* per mole (150,000 g) bind to the 
enzyme, and 36 gram atoms bind to the urea-denatured yeast 
alcohol dehydrogenase (10). About 50 gram atoms of Ag+ ap- 
parently bind to the inert enzyme, dialyzed for 72 hours under 
the stated conditions. This exceeds the binding of silver ob- 
served in native and urea-denatured yeast alcohol dehydrogenase 
by factors of 2 and 1.3, respectively. Thus, it is possible either 
that additional ‘‘“masked” —SH groups become available over 
this long interval, or that Ag+, Hg++, or p-chloromercuribenzoate 
may interact at sites other than —SH to bring about the release 
of zinc and the consequent changes in protein structure. The 
instantaneous changes of activity may be thought to be effected 
at the —SH groups. 

Recent observations’ (10), however, with the use of monomer- 
captans and dimercaptans as analytical standards for the titri- 
metric estimation of the —SH groups of yeast alcohol dehydro- 
genase, indicate that there are internal discrepancies in the 
stoichiometry between Ag* ions or the mercuribenzoate, and with 
both the standards and with yeast alcohol dehydrogenase. Data 
obtained with either reagent are precise, but do not give identical 
answers. 1.e. they are not accurate. Thus, the use of these agents 
thought to be specific for —SH groups of the protein does not 
yield unequivocally specific results. Therefore, the site at which 
they exert their instantaneous inhibitory action, as well as that 
at which they alter zinc-binding and quaternary protein struc- 
ture, cannot be defined with finality. 

Certain similarities are apparent in the observations reported 
here (Fig. 4), and in the correlated time-dependent loss of ac- 
tivity, zinc, and quaternary protein structure when yeast alcohol 
dehydrogenase is exposed to 1,10-phenanthroline or 8-hydroxy- 
quinoline-5-sulfonic acid (21). However, the apparent size of 
the fragments here is about twice that observed after treatment 
with chelating agents. This leaves open the question whether 
the structural changes are caused by the same mechanism, 1.e. the 
removal of zinc. 

Native yeast alcohol dehydrogenase is resistant to hydrolysis 
by the proteinases derived from B. subtilis and other sources. 
Indirect evidence that p-chloromercuribenzoate alters yeast al- 
cohol dehydrogenase structure in a time-dependent manner is 
provided by the progressive susceptibility of the enzyme to hy- 
drolysis by the proteinase of B. subtilis in the presence of mer- 
curibenzoate (35). p-Chloromercuribenzoate also cleaves the 
active moiety of the rabbit muscle phosphorylase a into inactive 
monomers (12), but that process is completely reversible, both 
activity and tetramer structure being restorable. None of the 
structural changes incident to the processes removing zinc from 
yeast alcohol dehydrogenase have yet been reversed, with either 
activity or protein sedimentation behavior as criteria. 


SUMMARY 


Hg*++, Agt, and p-chloromercuribenzoate instantaneously in- 
hibit yeast alcohol dehydrogenase activity without removing zinc 
atoms. Over a period of minutes, this inhibition becomes less 
reversible upon the addition of glutathione; Zn++ ions, added 
alone, together with, or after glutathione, do not restore activity 
further. However, after 1 hour of contact with these reagents, 
zinc is released from the inactivated protein molecule. Marked 
changes in the structure of the enzyme occur after exposure to 
Ag* and p-chloromercuribenzoate, as evidenced by the appear- 
ance of more slowly sedimenting species upon ultracentrifugation, 
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appearing at the expense of the normal protein. Thus activity 
of yeast alcohol dehydrogenase can be abolished both through 
its —SH groups and its zinc atoms, each independently of the 
other. 
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Recently considerable light has been thrown on the role of 
lipoic acid in the oxidation of a-keto acids (1). The oxidation 
takes place in a number of integrated steps, the last one of which 
is mediated by a diphosphopyridine nucleotide-linked dihy- 
drolipoic dehydrogenase. The pyruvic dehydrogenase complex 
of Escherichia coli has been resolved into two fractions (Fractions 
A and B) by Hager and Gunsalus (2). Fraction B was able to 
catalyse the reduction of diphosphopyridine nucleotide by a- 
lipoic acid. The pyruvate dehydrogenase complex of Mycobac- 
terium tuberculosis var. hominis has similarly been resolved into 
two fractions (3). One fraction contains dihydrolipoic dehy- 
drogenase activity, which has been purified and its properties 
have been studied. The same activity was found to be present 
in the highly purified mammalian a-ketoglutarate oxidase system 
(4). The properties of the enzyme and the description of the 
reaction have been reported in detail (5). Cutolo (6) reported 
similar enzyme from yeast but this claim was later refuted by 
Macleod et al. (7). Diaphorase was also found to have powerful 
dihydrolipoic dehydrogenase activity (8). Recently the involve- 
ment of flavoprotein in the pyruvate complex of E. coli and 
} specially in the reaction mediated by dihydrolipoic dehydrogen- 
ase have been indicated (9). The direct role of diaphorase in 
the a-ketoglutarate oxidase system of pig heart, freed from 
dihydrolipoic dehydrogenase activity has been demonstrated 
(10). In contrast to dihydrolipoic transacetylase dihydrolipoic 
dehydrogenase does not exhibit optical specificity (11). In a 
preliminary communication Sanadi and Searls (4) claimed that 
the mammalian enzyme was stereospecific. However, in a sub- 
sequent publication (5) these authors reported that both optical 
isomers of lipoic acid are enzymatically active but at widely 
different rates. We reported for the first time the isolation of a 
stereospecific dihydrolipoic dehydrogenase from plant sources 
(12). This is to report in detail the purification and properties 
| of the enzyme. 


EXPERIMENTAL 


Fresh leaves of Spinacia oleracea (locally known as Palang 
sak) was procured from the grocery. (=) Dihydrolipoic acid 
was kindly supplied by Dr. T. H. Jukes of the Lederle Labora- 
tories. (+) a-lipoic acid and (—) a-lipoic acid were gifts from 
Dr. A. Wagner of Merck, Sharp and Dohme Research Labora- 
tory. (=) Lipoamide used at the initial stages of the work was 
a gift from Dr. A. F. Wagner but later it was prepared from (+) 
a-lipoic acid (a gift from the California Corporation for Bio- 
chemical Researches) by the method of Wagner e¢ al. (13). 
DPN, DPNH, TPN, p-chloromercuribenzoate, GSH, Tris, cys- 
teine, and sodium pyruvate were all commercial products. 
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Alcohol dehydrogenase was prepared from bakers’ yeast by 
the method of Racker (14). Lactic dehydrogenase was purified 
from rabbit muscle according to the procedure of Kornberg (15). 
Protein was estimated by the Folin-Ciocalteu method of Lowry 
et al. (16). Several methods were tried for determining the 
—SH groups of GSH and dihydrolipoic acid. Boyer’s p-chloro- 
mercuribenzoate method (17) was found to be satisfactory in 
absence of the substances absorbing at 260 mu,e.g. DPN. Since 
our assay mixture contained DPN the above method could not 
be followed. The modified nitroprusside method of Beinert 
was found to be very satisfactory. 

Assay—The assay of dihydrolipoic dehydrogenase was based 
on the measurement of DPN reduction at 340 mp. The incuba- 
tion was carried out in a Beckman cuvette at 25° in a total volume 
of 1.5 ml containing 70 uwmoles of Tris (pH 8.0), 0.5 umole of 
DPN, 2 umoles of dihydrolipoic acid, and suitable amount of 
enzyme. Dihydrolipoic acid was omitted in the control incuba- 
tion mixture. The enzyme was added to both the cuvettes. 
The optical density readings were taken at 30-second intervals 
for a total period of 3.5 minutes. The change in optical density 
between 0.5 and 3.5 minutes was found to be proportional to the 
amount of protein added (Fig. 1). One unit of enzyme was 
defined as that which gives a change of 1.0 in optical density per 
minute during the initial stages of the reaction. 

Preparation of Enzyme—For a number of experiments to be 
described 25- to 30-fold purified enzyme was used. This was 
prepared by the acetone fractionation of the crude extract 
followed by ammonium sulfate fractionation. The two steps 
were then repeated. The enzyme so purified (25- to 30-fold) was 
found to be stable for about a week only; later on the steps were 
modified to obtain a more purified and stable enzyme. Both the 
methods of preparation will be described. The following opera- 
tions were done at 0° unless otherwise stated. 

An acetone powder of the leaves of S. oleracea was prepared by 
blending 100 g (wet weight) of the leaves with 500 ml of acetone 
(—15°) for 1 minute in a Waring Blendor. The cake obtained 
by filtration was reblended with an additional 400 ml of acetone 
(—15°) for 1 minute. The powder obtained by filtration was 
dried on a sheet of filter paper at room temperature and stored 
in a vacuum desiccator at 0°. . 

Crude Extract—The acetone powder of S. oleracea (50 g) was 
extracted with 1200 ml of 0.1 m acetate buffer (pH 7.0). The 
supernatant was collected by centrifugation at 1,600 x g for 15 
minutes and was filtered through glass wool to remove the finely 
suspended powders. The filtrate (crude extract) was subjected 
to acetone fractionation. 


1H. Beinert, unpublished procedure. 


509 


ress 
on- 
tol. 
225 
ys. 
). 
ol, 
9). 
ls, 
l., 
O- 
xT, 
7 


or 


INS MINUTE 


° 


Q OPTICAL DENSITY AT 340m 
3 


lL 
1 2 3 a 
MICROGRAM PROTEIN 


Fig. 1. Proportionality of the enzyme assay. The conditions 
were the same as described in the text under assay. Varying 
amounts of the enzyme (Ammonium sulfate I Fraction) were used. 


First Acetone Fractionation—An equal volume of acetone 
(—15°) was added to 861 ml of crude extract under vigorous 
stirring and the temperature was maintained at —5° during the 
addition. The precipitate was collected by centrifugation at 
1,600 xX g for 5 minutes at —5°. The precipitate was treated 
with 60 ml. of 0.05 m Tris (pH 7.0) and the insoluble residue was 
removed by centrifugation. The clear solution, Acetone I (65.5 
ml), was kept frozen overnight at —15°. On thawing some 
insoluble protein was formed, this was removed by centrifugation 
at 20,000 x g for 5 minutes. Thus a slight purification was 
achieved. ‘The supernatant (Acetone I, frozen and thawed) was 
subjected to ammonium sulfate fractionation. 

First Ammonium Sulfate Fractionation—The supernatant (65 
ml) was treated with 189.2 g of ammonium sulfate to bring it to 
50% saturation. The precipitate formed was discarded. The 
supernatant was next brought to 80% saturation by further 
addition of 126.1 g of ammonium sulfate. The precipitate was 
collected by centrifugation at 20,000 x g for 10 minutes and was 
dissolved in 18 ml of 0.05 m Tris, pH 7.0 (Ammonium sulfate I). 

Second Acetone Fractionation—The Ammonium sulfate I frac- 
tion (20 ml) was diluted with equal volume of 0.1 m sodium 
acetate (pH 7.0). The diluted solution was treated with 40 ml 
of acetone (—15°) under the conditions as described before. The 
precipitate formed was rejected and the supernatant was next 
treated with 40 ml of acetone (—15°). The precipitate thus 
obtained was dissolved in 12 ml of 0.05 m Tris, pH 7.0 (Acetone 
II). 

Second Ammonium Sulfate Fractionation—Acetone II fraction 
(14 ml) was first treated with 40.7 g of ammonium sulfate to 
bring it to 50% saturation and the precipitate was rejected. The 
saturation was next brought up to 90% by further addition of 
37.5 g of ammonium sulfate. The precipitate was dissolved in 
8 ml of 0.05 m Tris, pH 7.0 (Ammonium sulfate ITA, 10 ml). The 
enzyme was thus about 26-fold purified (Table I) but was stable 
for 7 days only, even on storing at —15°. 
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Modified Method of Purification—Ammonium sulfate I fraction 
(20 ml) as prepared by the above mentioned method was im- 
mersed in a 75° water bath to raise its temperature to 60° within 
1 minute. It was then transferred to a 60° bath to maintain its 
temperature at 60° for 1 minute. The suspension was then 
immediately cooled in ice. The denatured protein was removed 
by centrifugation at 20,000 x g for 10 minutes. The superna- 
tant (Heated Fraction) was immediately subjected to ammonium 
sulfate fractionation. The heated fraction (18 ml) was brought 
to 30% saturation by the addition of 29.5 g of ammonium sulfate 
and the precipitate was discarded. The solution was next 
brought to 60% saturation with the addition of 32.6 g of am- 
monium sulfate and the precipitate collected by centrifugation 
was dissolved in 6 ml of 0.05 m Tris, pH 7.0 (Ammonium sulfate 
IIB). The enzyme was thus 60-fold purified starting from the 
crude extract. The enzyme solution was stored at —15° and 
was found to retain full activity for at least 2 months. The 
purifications achieved in two typical cases are present in Table I. 


RESULTS 


The dihydrolipoic dehydrogenase isolated by us from plant 
sources exhibits certain peculiar properties, not observed in case 
of bacterial and mammalian enzymes. The rates of reaction of 
the enzyme with different substrates are shown in Table II. 
The enzyme (even in the crude state) was completely inactive 
with cysteine or GSH. Its rate of reaction with (+) dihy- 
drolipoamide is faster than that with the free acid as observed 
by Sanadi et al. (4, 5) and Massey (8). The dehydrogenation 
carried out by the enzyme is linked to DPN and not TPN. The 
enzyme displays maximum activity with (—) dihydrolipoic acid 
but the slight activity observed with (+) dihydrolipoic acid may 
be due to the contamination with the other isomer. Though 
Sanadi and Searls (4) from similar experiments concluded that 
the mammalian enzyme was stereospecific, in a later publication 
Sanadi et al. (5) indicated that both optical isomers are enzymati- 
cally active but at widely different rates. In our case, however, 
this question does not arise as the concentrations of the substrates 
used by us are not low. Our claim for stereospecificity has been 
substantiated by the stoichiometric experiments (12). 

That DPNH was formed by the reduction of DPN coupled to 
the oxidation of dihydrolipoic acid is shown in Fig. 2. When the 


TABLE I 

Purification of dihydrolipoic dehydrogenase 
Step No. Proteint 

mg/ml 
1. Crude Extract............. 4 3444 6.0 0.67 
40 2620 20.4 1.96 

3. Acetone I, frozen and 

40 2600 16.6 2.41 
4. Ammonium sulfate I....... 85 1700 11.7 7.26 
5a. Acetone III............... 93 1302 8.9 10.45 
6a. Ammonium sulfate IIA...|} 109 1090 6.3 17.30 
5b. Heated fraction........... 73 1314 6.6 11.06 
6b. Ammonium sulfate IIB... | 164 1066 4.1 40.00 


* As defined in the text. 
{1 Determined by the Folin-Ciocalteu method (16). 
t Units per mg of protein. 
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reduction attained equilibrium, pyruvate and lactic dehydrogen- 
ase were added at the point shown by the arrow. DPNH was 
immediately oxidized back to DPN. There was still some ab- 
sorption at 340 my due to the oxidized lipoic formed. It has 
not been possible to demonstrate the reaction in the reverse 
direction even by coupling with alcohol and alcohol dehydrogen- 
ase. In the case of lipoamide, however, the reaction was freely 
reversible. As in the previous case DPNH formed as a result of 
the oxidation of dihydrolipoamide was oxidized back to DPN by 
pyruvate and lactic dehydrogenase (Fig. 2). In the reverse 
direction DPN formed as a result of the reduction of lipoamide 
could similarly be reduced back to DPNH by the addition of 
alcohol and alcohol dehydrogenase (Fig. 2). Gunsalus (2, 11) 
working with the bacterial enzyme reported the apparent irre- 
versibility of the reaction. Sanadi et al. (4, 5), however, working 
with the enzyme associated with a-ketoglutarate oxidase complex 
observed free reversibility of the reaction with both a-lipoic acid 
and lipoamide. Goldman (3) could not demonstrate the reverse 
reaction with a-lipoic acid but observed free reversibility with 
lipoamide as in our case. Later, Notani and Gunsalus (18) 
studied in further detail the reversibility of the reaction catalyzed 
by Fraction B of £. colt and found that a-lipoic acid was reduced 
with DPNH provided the concentration of DPNH was 6 X 10-® 
m or less. With higher concentrations the rate decreased mark- 
edly. In case of our plant enzyme, however, we have not ob- 
served similar inhibitions, so the reason for the apparent irre- 
versibility of the reaction with a-lipoic acid as substrate remains 
unknown. 

The variation of the activity of the enzyme with pH of the 
incubation medium is presented in Fig. 3. With either dihy- 
drolipoic acid or dihydrolipoamide as substrate the enzyme dis- 
plays maximum activity at pH 8.5 in Tris buffer. In case of 
phosphate buffer although the same pH optimum is observed 
with dihydrolipoic acid, the enzyme displays maximum activity 
at neutral pH with dihydrolipoamide as substrate. It should, 
however, be mentioned that in phosphate the enzyme becomes 
activated towards lipoamide only. This will be discussed in 
detail later. The dehydrogenases associated with other systems 
are found to have much lower pH optima, usually in the acid 
range (2, 3, 5). Apparently the unionized acid is a substrate 
whereas the anion is not. Even lipoamide appears to have lower 
pH optimum with the mammalian lipoic dehydrogenase (5). 


TABLE II 
Reaction rates with different substrates 
The assay conditions were the same as described in the text 
under assay. Where mentioned 0.5 umole of TPN was used in- 
stead of DPN. In each case 1.5 ug of the enzyme (Ammonium 
sulfate I) was used. 


Substrate | 
umole umole 

(+) Dihydrolipoic acid............... 0.030 0 
(+) Dihydrolipoamide’*............... 0.084 0 
(—) Dihydrolipoic acid*.............. 0.033 

(+) Dihydrolipoic acid*.............. 0.005 


* Prepared from the oxidized compounds by the sodium boro- 
hydride reduction method of Wagner et al. (13). 
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Fic. 2. Formation of DPNH and DPN by the action of dihy- 
drolipoic dehydrogenase. The incubation was carried out at 30° 
in a total volume of 1.5 ml containing 70 umoles of Tris (pH 8.0), 
2 umoles of the substrate, as specified, 0.5 umole of DPN (or 0.05 
umole of DPNH when the oxidized substrate was used) and 10.5 
ug of the enzyme (Ammonium sulfate Fraction I). After attain- 
ment of the equilibrium 170 ug of crystalline yeast alcohol de- 
hydrogenase and 30 umoles of ethanol (or 143 ug of crystalline lac- 
tic dehydrogenase and 10 umoles of pyruvate) were added at the 
points indicated by arrow. 
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Fic. 3. Variation of dihydrolipoic dehydrogenase activity with 
pH. The assay conditions were the same as described in the text 
under assay with the difference that various types of buffer of 
different pH were used. 3.7 wg and 9.3 wg of the enzyme were 
respectively used for dihydrolipoamide and dihydrolipoic acid as 
the respective substrates. 


The plant enzyme is thus peculiar in its behavior. It may not 
be out of place to mention here that the dissociation of the active 
sites of the enzyme itself should also be taken into consideration 
while explaining the variation of activity of the enzyme with pH. 

It was observed during the measurement of the variation of 
the enzymatic activity with pH that the activities with dihydro- 
lipoamide were higher in phosphate than in Tris buffer. This 
was true in the reverse direction as well, i.e. with lipoamide as 
substrate. It appeared that the phosphate was stimulating the 
enzyme as in the case of glutaminase (19) or fumarase (20), so 
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Fic. 4. Rates of the dehydrogenation reaction in presence and 
absence of phosphate. The incubation was carried out at 30° 
in a total volume of 1.5 ml containing 50 umoles of Tris (pH 7.0), 
2 umoles of lipoamide, 0.05 umole of DPNH, 100 uwmoles of phos- 
phate (pH 7.0), and 37 ug of enzyme (Ammonium sulfate II). The 
decrease in optical density at 340 my was followed for 3 minutes 
after addition of the enzyme. 
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Fic. 5. Activation of dihydrolipoic dehydrogenase with phos- 
phate and arsenate. The assay mixture was the same as described 
in the legend to Fig. 4 with the addition of varying amount of 
phosphate or arsenate as indicated. In case of dihydrolipoamide 
as substrate 0.5 wmole of DPN was added instead of DPNH. 
Percentage activations have been calculated with reference to the 
rates observed with the control incubation mixtures which con- 
tained no phosphate or arsenate. 


the reaction was carried out in Tris buffer in presence and ab- 
sence of phosphate (Fig. 4). The initial rate of oxidation of 
DPNH was faster in presence of phosphate. If the lipoamide 
was omitted from the incubation mixture there was no DPNH 
oxidation in presence or absence of'phosphate. Arsenate could 
be substituted for phosphate in activating the enzyme. Fig. 5 
shows the amounts of activation obtained with varying concen- 
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trations of phosphate and arsenate. With phosphate or arsenate 
the maximum activation (80%) is attained at a concentration of 
about 6.0 x 10-* m. In the other direction there is similar 
activation with phosphate no doubt but only to an extent of 40% 
(Fig. 5). This type of activation has not been recorded for the 
dihydrolipoic dehydrogenases reported from different sources. 
It is not clear why there is activation of the enzyme in respect to 
its activity with one substrate but not with the other. Only 
detailed investigations on the mechanism of this type of activa- 
tion can throw light on this anomalous behavior. 

Arsenite is known as a potent inhibitor of a-keto acid oxidation 
system as it binds the dithiol compound dihydrolipoic acid (1). 
Interesting results have been obtained by Sanadi et al. (21) with 
arsenite as an inhibitor. This inhibition was overcome by 
dithiol reagents. Our plant enzyme, however, was inhibited by 
arsenite in a noncompetitive fashion (Table III). The inhibition 
could not be overcome by incubation or preincubation with 
GSH, cysteine, or dihydrolipoic acid. Arsenite at comparatively 
lower concentration inhibits the enzyme to some extent but the 
preincubation of the enzyme with the same concentration of 
arsenite results in complete inhibition. The incubation of the 
enzyme without arsenite does not result in any loss of activity. 
Since it is difficult to visualize the presence of bound dihydro- 
lipoic acid in the enzyme it may not be unreasonable to speculate 
that arsenite binds with the sulfhydryl groups of the enzyme 
itself which are involved in the dehydrogenation reaction. It 
is, however, difficult to explain the nonreversibility of this type 
of inhibition. 


DISCUSSION 


The steps involved in the oxidation of a-keto acids are fairly 
well understood but the details are yet to be worked out to unveil 
the mechanism of oxidation. The role of lipoic acid in this 
oxidation is unique in the sense that only some bound form of 
lipoic acid is involved. The exact nature of this bound form of 
lipoic is not known, but from the investigations of Sanadi et al. 
(5, 22), of Goldman (8), and the results presented here it appears 
that lipoamide behaves as a more natural substrate than lipoic 


TaBLeE III 
Action of arsenite 
The enzyme (51 ug) (Ammonium sulfate I) was preincubated 
with suitable amount of arsenite at 25°. A control incubation 
was carried out without arsenite. Aliquots of the enzyme were 
assayed as described in the text under assay. 


“during preincubation of | Concentration of arsenite | Time of | Inhibition 
moles/1 moles/l min. % 
6.67 X 10-** 0 
33 X 10-6* 37 
1.0 X 10-3 (6.67 X 10-)f 5 9 
1.0 X 10-3 (6.67 X 10-°)f 15 97 
5.0 X 10-3 (33 X 10-§)f 5 60 
5.0 X 10-3 (33 X 10-5)t 15 94 


* In these two cases the enzyme was not preincubated with ar- 
senite. Arsenite was added to the assay mixture just before 
starting the assay. 

+t These values indicate the concentrations of arsenite in the 
assay mixture due to addition of the enzyme preincubated with 
arsenite. 
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acid. Perhaps lipoamide is a model in our hand of the active 
form of lipoic acid and suggests the binding of lipoic acid to the 
enzyme through the carboxyl group. The activation of lipoic 
as observed by Reed et al. (23) supports this type of proposition. 
The existing data, however, fail to give an exact idea about the 
activity of lipoic in the bound form. Another anomalous situa- 
tion exists regarding lipoic acid. In the lipoic transacetylase 
reaction only the (+)-isomer of lipoic acid is active and the 
existing data in the literature are in favor of the supposition 
that only one isomer of lipoic is involved in the oxidation of a- 
keto acids. The dihydrolipoic dehydrogenases associated with 
the bacterial and mammalian systems do not exhibit any optical 
specificity. But the enzyme from plant sources was reported for 
the first time to display remarkable specificity regarding the 
stereoisomeric configuration (12). Thus the plant enzyme at 
least behaves in unison with the other enzymes involved in the 
early steps of the a-keto acid oxidation. It is hard to decide at 
this stage whether this stereospecificity of the plant enzyme is 
due to some other metabolic aspects not encountered in bacterial 
and mammalian systems. 

Due to the recent findings of of Koike and Reed (9), however, 
our views may have to be modified in the light of the flavoprotein 
nature of the dehydrogenase. Since the plant enzyme was 
partially purified we did not look into the nature of the bound 
cofactors, if any. Due to the recent demonstration of high 
diaphorase activity in the dihydrolipoic dehydrogenases isolated 
from E. coli and L. mesenteroides (18) and the evidences indicating 
that diaphorase is a component of the mammalian a-keto- 
glutarate oxidase complex (10, 24) the plant dehydrogenase was 
tested for diaphorase activity according to the assay method 
described by Mahler (25). About 12 units of diaphorase activity 
per ml were found in the 60-fold purified enzyme (ammonium 
sulfate IIB) obtained by the modified method of purification. 
Although the natural role of diaphorase, previously thought to be 
an artifact enzyme, is now well understood, the primary steps 
in the electron transport system involving lipoic, flavin, and DPN 
coupled to the oxidation of the a-keto acids should be more 
seriously looked into. 


SUMMARY 


A dihydrolipoic dehydrogenase has been 60- to 70-fold purified 
starting from the extract of acetone powder prepared from 
Spinacia oleracea. The plant enzyme is diphosphopynidine 
nucleotide-linked and active with (—) dihydrolipoic acid but 
not with the other isomer in contrast to the mammalian and 
bacterial enzymes which are not stereospecific. The rate of 
reaction with dihydrolipoamide is faster than that with the free 
acid. Attempts to demonstrate the reversibility of the reaction 
with lipoic acid as substrate even by coupling with alcohol and 
alcohol dehydrogenase failed although the reaction is freely re- 
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versible with lipoamide. The enayme displays maximum activ- 
ity at pH 8.5. In phosphate buffer, however, the optimum pH 
of the reaction is 7 with dihydrolipoamide as substrate. The 
enzyme is considerably activated in presence of phosphate and 
arsenate. The activation is with respect to its rate of reaction 
with the amide and not the free acid. The dehydrogenase is 
irreversibly inactivated by arsenite. Like other dihydrolipoic 
dehydrogenases the plant enzyme has considerable diaphorase 
activity. 
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Previous reports (1, 2) described the utilization of the a-hy- 
drogen atom of pt-lactate in the reductive synthesis of carbohy- 
drate. Glucose obtained from the liver glycogen of animals re- 
ceiving 2-D-pt-lactate was found to be labeled with deuterium 
in the 4 and 6 positions. These findings were interpreted as evi- 
dence of coupling of the oxidation of lactate both to the reduction 
of phosphoglycerate and to the malic enzyme-catalyzed synthe- 
sis of malate. The present work is a study of the comparative 
utilization of the a-hydrogen and a-carbon atoms of L- and p- 
lactates in the synthesis of liver glycogen. For the purposes of 
this investigation 2-D-L- and p-lactates and 2-D,2-C-L- and 
p-lactates were synthesized and administered to fasting rats. 
The amounts of deuterium and C" incorporated into the liver 
glycogen were determined. A comparison was made of the C' 
to D ratio in the t-lactate given with this ratio in the 6 position 
of glucose obtained from the liver glycogen. Finally, inasmuch 
as the literature contains no previous account of the distribution 
of isotopic carbon in the glucosyl residues of liver glycogen formed 
from isotopic L-lactate, a sample of glucose obtained by hydrolysis 
of the liver glycogen of animals given 2-D,2-C™-1-lactate was 
subjected to degradative procedures which permitted determina- 
tion of the locations of C™ in the molecule. 

The results of our studies show that only the L-form of lactate 
contributes hydrogen for the reductive formation of triosephos- 
phate. As expected (3), the a-carbon atom of L-lactate was used 
with considerably greater efficiency for the synthesis of liver gly- 
cogen than was the a-carbon atom of the p-isomer. It was of 
interest to find, however, that an appreciable amount of the C"™ 
of the labeled p-lactate was utilized for the synthesis of carbo- 
hydrate in the liver. 

In addition, the data reveal that there is inequality of distri- 
bution of C between C-5 and C-6 (and presumably C-1 and C-2) 
of the glucosyl residues of liver glycogen, the specific activity of 
C-5 being about twice that of C-6. The data also demonstrate 
that, in the sequence of reactions leading from 2-D ,2-C"*-1-lac- 
tate to the labeling of the 6 position of glucose with both deu- 
terium and C", an almost 6-fold dilution of deuterium, as com- 
pared with C™, occurs. 


EXPERIMENTAL 


2-D-L- and p-lactates were prepared from 2-D-.L- and p-ala- 
nines by resolution of 2-D-pL-acetylalanine with acylase (4). 
2-D-p1t-Acetylalanine was formed in an exchange reaction be- 
tween DL-acetylalanine and 1-D-acetic acid under the conditions 


* Aided by grants from the United States Public Health Serv- 
ice, National Institutes of Health (No. G-5905), and the National 
Science Foundation (No. G-5909). 


employed by du Vigneaud and Meyer (5) for the racemization of 
acetylamino acids. The enantiomorphic forms of the labeled 
lactic acids were obtained by reaction of the isotopic alanines 
with AgNO: and HCI (6) and were isolated as the Zn salts. 

For the preparation of the doubly labeled lactates, 2-C'-p1- 
alanine (Volk Radiochemical Corporation) was acetylated in 
boiling 1-D-acetic acid and acetic anhydride (4). From the 2-D, 
2-C'4-pL-acetylalanine so obtained, 2-D ,2-C'-L- and p-alanines 
were prepared by enzymatic resolution and converted to the cor- 
respondingly labeled lactates as described above. 

In Table I are shown the deuterium concentrations, specific 
activities, optical rotations, and water of hydration of the Zn 
salts of the isotopic lactates. 

Mention should be made of the observation that, under the 
conditions employed, treatment of 2-D-pt-acetylalanine with 
acylase (Armour) brings about an exchange of deuterium with 
the hydrogen atoms of water. This resulted in depletion of iso- 
tope in both the L- and p-alanines. The exchange activity of 
the enzyme preparations declined with age of the preparations 
without comparable loss of the acylase activity. 

Animal Experiments—Male rats of the Sprague-Dawley strain 
were used (average weight 185 g) after fasting for 18 hours. 
Three animals received isotopic t-lactate and three others, la- 
beled p-lactate. The specific activities of the 2-D,2-C'-1- and 
p-lactates were reduced before administration by the addition of 
suitable amounts of 2-D-. and p-lactates. The total amount of 
L-lactate given was 14.96 mmoles, consisting of 2.93 mmoles of 
2-C'4 ,2-D-1-lactate (specific activity, 3480 d.p.m. per umole, 
a-D concentration, 75.3 atom %) and 12.03 mmoles of 2-D-1- 
lactate (a-D concentration, 65.6 atom %). The calculated spe- 
cific activity of the L-lactate given is thus 681 d.p.m. per umole 
and the calculated D concentration of the a-hydrogen atom, 67.5 
atom %. The ratio of the specific activity of the a-carbon to 
the deuterium concentration of the a-hydrogen is thus 10.1 

The total amount of isotopic p-lactate given was 14.93 mmoles 
of which 2.98 mmoles were 2-D ,2-C'*-p-lactate (specific activity, 
3435 d.p.m. per umole, D concentration of a-hydrogen, 75.8 atom 
%) and 11.95 mmoles of 2-D-p-lactate (D concentration of a- 
hydrogen, 69.0 atom %). The calculated specific activity of the 
administered p-lactate is thus 685 d.p.m. per umole and the deu- 
terium concentration in the a-position, 70.4 atom %. 

The substrates were administered as 2.5 m solutions of the Na 
salts by stomach tube. Each animal received 2 ml (5 mmoles) 
of the solution. 

The methods employed for the isolation, purification, and hy- 
drolysis of the liver glycogen have been described earlier (2). 

Degradative Procedures—A method of degradation of glucose 
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TABLE I 
Analytical constants of 2-D-t and p-lactates and 2-D,2-C"4-t and p-lactates 


2-D-1-Lactate 2-D-p-Lactate 2-D, 2-C'4-L-Lactate 2-D, 2-C'-p-Lactate 
Optical rotation [a]>*.......... —8.67 +8.52 —8.69 +8.72 
D concentration.............. 65.6 atom % 69.0 atom % 75.3 atom % 75.8 atom % 
Specific activity............... 3480 d.p.m./umole 3435 d.p.m./ymole 
H.O of hydrationf............. 13.2% 13.3% 14.0% 12.9% 


* Rotations of the lactates were measured with the use of 2.5% aqueous solution of the anhydrous Zn salts. 


t Theory for Zn (C3H;03)2-2H2O, 12.9%. 


TABLE II 
Isotopic yields of D and C4 in liver glycogen formed from 2-D,2-C"4-L- and p-lactates 


2-D, 2-C'4-L-Lactate 


2-D, 2-C'*-p-Lactate 


Quantity of lactate. ... .... 
D concentration of glycogen.................... 
Amount of liver glycogen (as glucose)........... 
Deuterium 
Specific activity of glucose...................... 
Total 
Deuterium given incorporated in glycogen....... 


14.9 mmoles 

9.9 X 10° d.p.m. 
10.3 10° watoms 
0.57 atom % excess 
2.02 X 10? umoles 
0.115 10% watoms 
594 d.p.m./umole 
1.20 X 106 d.p.m. 
1.12% 

12.1% 


14.9 mmoles 

10.2 X 106 d.p.m. 
10.5 103 uatoms 
0.02 atom % excess 
0.747 10? umoles 
0.003 natom 

182 d.p.m./umole 
0.14 X 106 d.p.m. 
0.03% 

1.33% 


has been employed which seems convenient for the determination 
of the specific activities of C4 in C-4, C-5, and C-6 and which 
has the advantage of ready application in liquid scintillation 
counting. 

After addition of carrier glucose to that obtained on hydrolysis 
of the liver glycogen, a suitable aliquot was oxidized with perio- 
date to obtain C-6 as formaldehyde. This was isolated as the 
dimedone derivative (7), a compound readily soluble in toluene. 
The remaining glucose was converted to a-methylglucoside (2), 
which was oxidized with periodic acid to formic acid (C-3) and 
p-methoxy-p’-hydroxymethyldiglycolaldehyde (8). In this pro- 
cedure iodate and periodate are precipitated as Sr salts, leaving 
the dialdehyde and formate in solution. The latter was isolated 
in quantitative yield by extracting the dialdehyde with ethanol, 
leaving insoluble Sr(OOCH)2-2H,O. An aqueous solution of 
this salt was then strongly acidified with toluenesulfonic acid, 
and formic acid obtained by distillation of the mixture under 
reduced pressure at 40°. The distillate was titrated with stand- 
ard NaOH solution (yield of formic acid 85%) and suitable ali- 
quots of the solution were taken for counting. 

The dialdehyde was reduced to the corresponding dialcohol 
with NaBH, (9). On hydrolysis of the hemiacetal linkage with 
n HCl the mixture of glycolaldehyde (C-1 + C-2) and glycerol 
(C-4 + C-5 + C-6) was benzoylated (9) and the products sepa- 
rated by chromatography on silicic acid with benzene-chloroform 
mixtures for elution. A solution of the benzoylated material in 
benzene was placed on the column to which was then added pure 
benzene to elute nonradioactive, amorphous material. Glycerol- 
tribenzoate was obtained in the 5 to 7.5% (by volume) CHCl;- 
benzene fraction and was recrystallized from absolute methanol 
(m.p., 72°). Benzoylglycolaldehyde (C-1 + C-2) appeared in 
the eluate after the addition of pure CHCl; to the column. This 
compound was identified by infrared analysis but was not isolated 
in pure crystalline form. The specific activity of C-4 + C-5 + 


C-6 was determined by counting the glyceroltribenzoate, which 
is readily soluble in toluene. 

As will be seen the experimental data demonstrate that under 
the conditions of our experiments the specific activity of C-1 + 
C-2 + C-3 is equal to that of C-4 + C-5 + C-6. The assump- 
tion is therefore made that the specific activities of C-3 and C-4 
are equal. This and direct measurement of the specific activity 
of C-6 permit calculation of the specific activity of C-5 from the 
specific activity of the glycerol tribenzoate. 

A Tri-Carb liquid scintillation spectrometer! was used to meas- 
ure radioactivity, appropriate corrections being made for quench- 
ing and efficiency. All data are reported in disintegrations per 
minute (d.p.m.) per wmole or watom. Deuterium analyses were 
carried out as mentioned previously (1, 2). The amounts of 
liver glycogen were determined gravimetrically after purification 
by the method of Stetten and Boxer (10). 


RESULTS 


The data of Table II show that virtually none of the hydrogen 
of p-lactate is utilized in the reductive synthesis of carbohydrate. 
The incorporation of deuterium into liver glycogen previously 
observed after administration of 2-D-pt-lactate (1, 2) is thus 
clearly due to the presence of 2-D-.L-lactate in the racemic prep- 
aration. 

The glycogen content of the livers of animals which had re- 
ceived isotopic L-lactate was found to be 1.7%, whereas the livers 
of rats given isotopic p-lactate contained 0.65% glycogen. We 
have repeatedly observed that liver glycogen is formed after 
administering the present and other preparations of isotopic p- 
lactate and after giving nonisotopic p-lactate. In comparison 
with our results with L-lactate we have noted that there is marked 
variation in the amount of glycogen found in the liver after feed- 


1 This instrument was purchased with funds made available by 
the United States Public Health Service grant No. RG-5905. 
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516 Coupling of Oxidation of Substrates. III 
TaBLeE III 
Specific activities in derivatives obtained from labeled glucose 
Derivative Carbon atoms-of original glucose 
d.p.m./pmole 
a-Methylglucoside.......... C-1 + C-2 + C-3 + 102 
C-4 + C-5 + C-6 

Glyceroltribenzoate......... C-4 + C-5 + C-6 52 
Formic acid from oxidation | 

of a-methylglucoside...... C-3 | 2 
Formaldehyde-dimedone | 

from glucose oxidation....| C-6 | 17 


ing the p-isomer, ranging from 30 to 90% of the amount formed 
after giving L-lactate. In the present experiment it will be seen 
that in terms of yields of liver glycogen, p-lactate would appear to 
be almost 40% as efficient a precursor as the L-isomer. How- 
ever, aS is apparent from the tabulated data, in terms of ine 
corporation of C", p-lactate contributes only 11% as much 
a-carbon for the synthesis of glycogen as does L-lactate. 
These results suggest that the administration of p-lactate 
brings about an increase in the utilization of endogenous 
carbon sources for the synthesis of liver glycogen. That this is 
not due to stress induced by the passage of a stomach tube was 
established by the performance of the appropriate control experi- 
ments. In any case there would seem to be no doubt that 
appreciable utilization of p-lactate for carbohydrate synthesis 
does occur. The absence of deuterium in the liver glycogen 
formed from the isotopic p-lactate cannot therefore be attributed 
to a complete lack of reactivity of the substance in the tissues of 
rat. The glucose obtained from liver glycogen formed in animals 
receiving isotopic D-lactate was not subjected to as extensive 
degradative procedures as was that formed from isotopic L- 
lactate. However, some of the material was oxidized with 
periodate to obtain formaldehyde from the primary carbinol 
group at C-6. This was counted as the dimedone-derivative, 
the specific activity of which was found to be 42 d.p.m. per ymole. 
The same procedure applied to a sample of glucose obtained from 
glycogen formed from administered isotopic L-lactate yielded 
formaldehyde-dimedone with a specific activity of 110 d.p.m. 
per umole and a D concentration of 0.086 atom % excess. 

In earlier studies carried out with 2-D-p1-lactate, all of the 
deuterium in liver glycogen was shown to be located in the 4 and 
6 positions of the glucosyl residues. Assuming as before (2) 
that only one of the two positions to which hydrogen atoms are 
attached to C-6 is occupied by deuterium, we find that, since 
there are 22 hydrogen atoms in dimedone-formaldehyde complex, 
the deuterium concentration of that atom is 22 x 0.086 = 1.89 
atom %. The D concentration at C-4 is thus 10 x 0.57 (there 
are 10 hydrogen atoms per glucosyl residue) less 1.89 = 3.81 
atom % and the ratio of the deuterium concentration at C-4 to 
that at C-6 is 3.81/1.89 = 2.06. This result is similar to pre- 
vious findings afforded by experiments performed with 2-D-pL- 
lactate (2). 

The proportion of deuterium utilized in the synthesis of liver 
glycogen is seen to be approximately one-tenth as great as the 
fraction of administered C™ incorporated in the glycogen. How- 
ever, as mentioned above no deuterium is present in the first 
three positions of glucose formed from administered 2-D-pL- 
lactate but the incorporation of C™ into the liver glycogen of 
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fasting rats labels equally both 3-carbon moieties of the sugar. 
For this reason the comparative utilization of deuterium and C" 
is approximately 1 to 5 rather than 1 to 10. 

The apparent separation of pathways of metabolism of the 
a-hydrogen atom and a-carbon atom of L-lactate may also be 
shown by comparing the C™ to D ratio in the administered L- 
lactate with the ratio in position 6 of glucose obtained from the 
liver glycogen. Whereas the C to D ratio in the a-position of 
the isotopic L-lactate is 10.1 we find that the ratio at C-6 is 110 
d.p.m. per wmole/1.89 = 58.2. The dilution of deuterium 
relative to C4 is thus 5.8. 

Table III shows the results of degradative procedures applied 
to the glucose obtained from the glycogen formed from isotopic 
L-lactate. The specific activities shown refer to glucose to 
which carrier had been added. 

It will be noted that the specific activity of glyceroltribenzoate 
(C-4 + C-5 + C-6) is 51% of the specific activity of the a- 
methylglucoside (C-1 + C-2 + C-3 + C-4 + C-5 + C-6). 
Assuming therefore that the specific activities of C-3 and C-4 
are equal, the specific activity of C-5 is 52 — 2 — 17 = 33 d.p.m. 
per ywatom. This is almost twice the specific activity of C-6 
showing that C™ is not symmetrically distributed between C-5 
and C-6. 


DISCUSSION 


The foregoing results demonstrate specificity of utilization of 
the a-hydrogen atom of L-lactate in the reductive synthesis of 
triosephosphate. The utilization of the a-carbon atom of p- 
lactate for the synthesis of liver glycogen, although limited, is 
sufficient to suggest that p-lactate is oxidized in the tissues of 
the rat. That this oxidation is not accompanied by transfer of 
hydrogen to triosephosphate is made clear by the almost com- 
plete absence of deuterium in liver glycogen formed from the 
isotopic D-lactate. 

Oxidation of p-lactate by an enzyme system present in rabbit 
liver mitochondria has been reported (11, 12). More recently 
Tubbs and Greville (13) obtained a soluble p-lactic dehydrogen- 
ase from rat kidney mitochondria. DPN does not stimulate the 
dehydrogenase activity of either of the above preparations. We 
have carried out preliminary experiments? with rat liver perfused 
with 2-D ,2-C'*-p-lactate and have observed significant incorpora- 
tion of C into the glucose of the perfusate. About one-forth 
of the total activity of C'4 in the glucose was shown to be present 
at C-6. 

As is well known the appearance of isotopic carbon in C-6 of 
the glucosyl moiety of liver glycogen formed from a-labeled 
lactate or pyruvate has been interpreted as evidence of the in- 
corporation of the a-carbon atom of pyruvate in a symmetrical 
C.-dicarboxylic acid intermediate. The appearance of radio- 
activity in C-6 of glucose obtained from liver glycogen of rats 
given 2-D ,2-C"4-p-lactate suggests that pyruvate in vivo is a 
product of oxidation of p-lactate. 

There is an interesting difference in the apparent distribution 
of radioactivity in glycogen formed from isotopic D- as compared 
with L-lactate. This becomes apparent when the ratio of the 
specific activity of glucose to the specific activity of C-6 is com- 
pared in the two cases. After isotopic p-lactate this is 182/42 = 
4.3, whereas after isotopic t-lactate the ratio is 594/110 = 5.8. 
The higher ratio is a reflection of the unequal distribution of C™ 
between C-5 and C-6 and presumably C-1 and C-2, whereas the 


2 Conducted in collaboration with Dr. David Haft. 
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lower ratio is consistent with symmetrical distribution of C™ in 
the molecule. 

The results of our degradative studies are in general agreement 
with those of Lorber et al. (14) who studied the distribution of 
C3 in liver glycogen formed from 2-C'-pL-lactate administered 
together with nonisotopic glucose. They differ in that the ratio 
of the specific activity of C-5 to C-6 in our studies is almost 2 to 1, 
whereas in the earlier experiments the ratio was 1.4 to 1. This 
may in part relate to the difference in the utilization of DL- as 
compared with L-lactate and perhaps also to the use of glucose 
in the experiments conducted by Lorber et al. Our data are in 
greater contrast with those of Topper and Hastings (15) and 
Landau et al. (16) who studied the utilization of 2-C'-pyruvate 
in the synthesis of glucose in liver slices and who concluded from 
their studies that as much as 90% of pyruvate utilized in the 
synthesis of liver glycogen is involved in preliminary formation 
of a symmetrical C,-dicarboxylic acid. 

It is generally assumed that the unequal distribution of isotopic 
carbon in hexose formed from 2-labeled lactate or pyruvate is a 
reflection of the utilization of pyruvate to form phosphoenol- 
pyruvate by two pathways, 7.e. direct phosphorylation of pyru- 
vate by way of the phosphopyruvate kinase system and indirect 
phosphorylation by way of the oxaloacetate carboxylase system. 
Estimates of the extent of participation of each pathway in 
gluconeogenesis in liver vary from a ratio of 5:1 (14) to 10:1 
(15) in favor of the oxaloacetate carboxylase pathway. Under 
the conditions of our experiments the ratio is 2.3:1. This figure 
is obtained in the usual way, 7.e. by assuming that the glucosyl 
residues of the liver glycogen are a mixture of units labeled 
and Thus 
there are $3 = 2.3 times as many counts in the glucose formed 
by the reactions leading to the formation of C.-dicarboxylic acid 
as in glucose formed from pyruvate by way of direct phosphoryla- 
tion with ATP. 
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In an earlier report (2) the incorporation of deuterium in posi- 
tion 6 of the glucosyl residues of liver glycogen formed from 
administered 2-deuterolactate was interpreted as evidence of 
coupling between the lactic dehydrogenase and malic enzyme 
systems. It was postulated that the action of fumarase on the 
malate so formed gave rise to 2,3-D-malate. Fig. 1 illustrates 
how C" and deuterium, present initially in 2-D ,2-C'*-1-lactate 
might be expected to be distributed in malate and in the products 
formed from it in subsequent reactions. Assuming that malate 
is transformed to oxaloacetate, all of which enters the citric acid 
cycle, it will be seen (Reaction B) that no deuterium is present 
in the oxaloacetate regenerated in the cycle. Phosphoenol- 
pyruvate formed from the oxaloacetate would, of course, contain 
no deuterium. The presence of deuterium at C-6 would seem to 
indicate therefore that at least a portion of the malate formed 
in the malic enzyme reaction does not participate in the reactions 
of the Krebs cycle (Reaction A). It will be noted that in a single 
turn of the cycle the C'* becomes uniformly distributed in re- 
generated oxaloacetate and that the specific activity of each 
carbon atom is one-half the specific activity of the oxaloacetate 
which enters the cycle. It should be pointed out that we assume 
no labeling of the acetyl-CoA entering the cycle. This is in 
conformity with the data of Freedman and Graff (18), who 
studied the distribution of C in liver glutamate after feeding 
2-C'*-alanine to fasting rats. The labeling pattern indicated that 
in the formation of a-ketoglutarate by way of the reactions of 
the citric acid cycle the oxaloacetate entering the cycle carried 
the isotope label, whereas the acetyl-CoA did not. The absence 
of C™ in the acetyl-CoA entering the Krebs cycle results in a 
halving of the specific activity of the carbon atoms in regenerated 
oxaloacetate with each revolution of the cycle. The low specific 
activity in C-3 and C-4 of glucose which was observed in the 
present studies supplies evidence that if a portion of the malate 
initially formed in the malic enzyme reaction did indeed enter 


DC°H 
DC°H le 
COOH COOH COOH 
COOH COOH COOH COOH 
COOH COOH 
°COOH °COOH °COOH °COOH 
°COOH ‘COOH COOH COOH 


Fia. 1. Distribution of deuterium and C" in 2,3-D,2,3-C'*- 
malate and products arising (A) by direct oxidation, and (B) by 
participation in the reactions of the Krebs cycle. The solid cir- 
cles (@) represent the initial C4 specific activity and the open 
circles (Q) signify 1:1 dilution of C'* by C!2. (For purposes of 


brevity the step citrate — isocitrate is omitted. It should be 
pointed out that in the pathway leading from 2,3-D-fumarate to 
isocitrate, deuterium is retained in the a-position of isocitrate 
(17) but is lost in the reaction isocitrate — a-ketoglutarate. ) 
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the Krebs cycle, many turns had taken place before utilization of 
regenerated oxaloacetate in the carboxylase reaction. Stated in 
another way this means that the participation of 2,3-C-2,3-D- 
malate in the reactions of the Krebs cycle brings about rapid 
dilution not only of deuterium but of C™ as well. The scheme 
shown in Fig. 1 cannot therefore explain the change in the C™ 
to D ratio observed in the present study. 

The possibility of an hydrogen isotope effect must also be 
taken into consideration in attempting to account for the noted 
discrepancy of dilution of deuterium versus C™. In order to 
investigate this question we studied the utilization of 2-D-.- 
lactate and 2-T-.L-lactate in the formation of liver glycogen. 
The results which will be presented in detail in a forthcoming 
paper revealed no isotope effect. 

Recently Rose (19) has described an exchange reaction between 
the hydrogen atoms of the methyl group of pyruvate and the 
hydrogen atoms of water catalyzed by phosphopyruvate kinase. 
The possibility thus arises that our observations may be ascribed 
to the operation of this reaction. This mechanism is consistent 
also with the fact that no deuterium is found at C-1 of the 
glucosyl residues of glycogen formed from 2-p-lactate. The 
complete absence of deuterium at this position was ascribed to 
stereospecific removal of deuterium by hexosephosphate isomer- 
ase (2). Were deuterium to be randomized in the methyl group 
of pyruvate, however, only 50% of the deuterium would be lost 
in the isomerization of fructose 6-phosphate. We must therefore 
conclude that (a) no phosphoenolpyruvate is transformed to 
pyruvate in the liver, or (6) if 3-D-phosphoenolpyruvate is 
indeed transformed to 3-D-pyruvate, the deuteropyruvate is not 
utilized in gluconeogenesis, or (c) when deuteropyruvate is formed 
from deuterophosphoenolpyruvate, deuterium is removed by 
exchange before utilization in the synthesis of triosephosphate. 
The last mentioned hypothesis would seem to account not only 
for the absence of deuterium in position 1 of glucose, but would 
also account for an increase in the C to D ratio at C-6. It is 
clear, however, that further investigation of this question is neces- 
sary before coming to a decision as to the correct mechanism. 


SUMMARY 


2-D-1 and p-lactates and 2-D,2-C-L- and p-lactates were 
synthesized and administered to fasting rats. The amount of 
deuterium and C™ incorporated in the liver glycogen were deter- 
mined. Although a significant amount of the a-carbon atom of 
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p-lactate was incorporated into the liver glycogen, almost no 
deuterium of the isotopic p-lactate was utilized. 

A study was made of the distribution of C in glucose obtained 
from the liver glycogen of rats given 2-D ,2-C"-L-lactate. The 
data indicate that twice as much C™ was utilized in glycogen 
synthesis in the liver by way of the intermediate formation of C,- 
dicarboxylic acids than by direct phosphorylation of pyruvate. 

The C** to D ratio in the 6 position of glucose was compared 
with the ratio in the isotopic L-lactate given. An almost 6-fold 
dilution of D as compared with C™ was observed. 


Acknowledgment—The authors wish to acknowledge the skilled 
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The appearance of deuterium in position 6 of the glucosyl 
residues of liver glycogen formed from 2-D-pt-lactate (1) or 
2-D-1-lactate (2) was interpreted as evidence of coupling between 
the oxidation of t-lactate and the malic enzyme-catalyzed syn- 
thesis of malate in accordance with the following series of reac- 
tions: 

lactic dehyd 
CH;CD(OH)COOH + TPN*+ a) 
CH;COCOOH + TPND + H* 


CH,COCOOH + CO, + TPND + H+ —malicenzyme , 


HOOCCD(OH)CH:COOH + TPNt 


(2) 


f 
HOOCCD(OH)CH,COOH 3) 


HOOCCD=CHCOOH 


f 
HOOCCD=CHCOOH (4) 


HOOCCDHCH(OH)COOH 


HOOCCDHCH(OH)COOH + DPN+ Sehydrogenase, 5) 


HOOCCDHCOCOOH + DPNH + Ht 


oxaloacetate 
carboxylase 


(6) 


HOOCCDHCOCOOH + ITP 
CHD=C(OPO;H2)COOH + IDP + CO: 


In this scheme it is assumed that the action of fumarase brings 
about an apparent random distribution of deuterium in positions 
2 and 3 of malate due to the symmetrical structure of fumarate, 
i.e. although the enzyme does not discriminate between the 2,2’ 
positions of fumarate, the dehydration of malate by fumarase is 
stereospecific, 7.e. the same H atom added to fumarate to form 
malate is removed in the dehydration reaction (3, 4). 

In order to gain further knowledge of the participation of 
fumarate in the synthesis of triosephosphate we have studied the 
metabolism of fumarate labeled in the 2,2’ positions with deu- 
terium and with C. As in previous experiments, the labeled 
substrate was administered to fasting rats, glycogen isolated from 
the livers, and studies made of the distribution of deuterium and 
C™ in the glucose obtained on hydrolysis of the glycogen. The 
yields of deuterium and C* in liver glycogen formed from the 
labeled fumarate were also determined. 

* Aided by grants from the United States Public Health Serv- 


ice, National Institutes of Health (No. RG-5905) and the Na- 
tional Science Foundation (No. G-5099). 


The results of these investigations are in accord with the 
hypothetical scheme depicted in the above series of reactions. 


EXPERIMENTAL 


Synthesis of 2,2’-D-Fumaric Acid—This was accomplished by 
reduction of acetylenedicarboxylic acid dimethylester with deu- 
terium gas with the use of 1 mole of Dz per mole of ester. After 
a number of trials employing various solvents, pressures of deu- 
terium, and catalysts, the following procedure was adopted: 0.26 
mole (54.4 g) of acetylenedicarboxylic acid dimethylester (Mathe- 
son, Coleman, and Bell) was reduced with 99.8% Dz at an initial 
pressure of 37.5 pounds per square inch in a Parr hydrogenation 
apparatus. PdQO, 270 mg, was added to provide Pd as catalyst. 
Theoretical uptake of deuterium required 2.8 hours. The reac- 
tion mixture was filtered to remove Pd, with the use of ether to ef- 
fect transfer of the ester and to wash the catalyst. After removal 
of the ether by evaporation under reduced pressure, the product was 
distilled, also under reduced pressure. The distillate was treated 
overnight with a 5% excess of N NaOH at room temperature and 
the hydrolysate evaporated to dryness. The residue was boiled 
with HCl according to the procedure of Vogel (5) for the trans- 
formation of maleic to fumaric acid. This treatment does not 
cause loss of carbon-bound deuterium from the molecule. The 
highly insoluble material was separated by filtration and re- 
crystallized three times from boiling N HCl. After drying in a 
vacuum in the presence of Na-lime, the purity of the deutero- 
fumaric acid was ascertained by chromatography on Dowex 1- 
formate. A single peak, emerging in the same position as 
authentic fumaric acid, was observed on gradient elution with 
formic acid.! Eighteen grams of the three times recrystallized 
material were obtained. The observed D concentration in the 
2,2’ positions was 89.0 atom %. The dilution of deuterium in 
the fumaric acid is believed to be due to a Pd-catalyzed exchange 
of deuterium gas with normal hydrogen present in the methyl 
groups of the esters. 

2,2’-C'%-Fumaric acid was obtained from the Volk Radio- 
chemical Company (lot G87). For use in experiments employing 
deuterofumarate, 50 uc of the radioactive compound were added 
to 2.95 g (25.0 mmoles) of the deuterofumaric acid. The mixture 
was dissolved in boiling N HCl and the solution allowed to stand 
for 1 day at 5°. The product was separated by filtration and 
dried as mentioned earlier. The specific activity of the mixed 


1 The authors are indebted to Dr. Sasha Englard for performing 
the chromatographic analyses of the deuterofumaric acid. 
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TABLE I 
Average weights of animals, dosage of fumaric acid, and liver 
glycogen yields obtained in experiments with deuterium and 
with D-C"'4 labeled fumaric acid 


hrs. g mmoles % 
1 4 280 2.5/animal* 0.55 
2 4 293 2.5/animal* 0.41 © 
3 3 275 2.5/animalt 0.65 
4 3 200 2.5/animaltt 0.53 


* Administered as a stabilized suspension (0.2%, methylcellu- 
lose, 0.1% Tween 80) containing 0.5 mmole of 2,2’-D-fumaric acid 


per ml. 
+t Given in the form of a solution of disodium 2,2’-D-fumarate, 


0.5 mmole per ml. 
t 2,2’-C'*-Fumarate also utilized in this experiment. 


fumaric acids was 4033 d.p.m. per umole. The recovery of radio- 
activity is thus 4033 xX 25.0 x 1000/2.2 x 10° = 46 uc, or 92% 
of the computed value. The ratio of the specific activity of the 
2,2’ carbon atoms to the deuterium concentration in the 2,2’ 
positions was 2017/89 = 22.7. 

Animal Experiments—Male rats of the Sprague-Dawley strain 
were used. After fasting for approximately 18 hours each animal 
was given (by stomach tube) a suspension of fumaric acid or a 
solution of disodium fumarate. The average weights of the 
animals, the amount and types of preparation used, and the 
yields of glycogen obtained are shown in Table I. 

Deuterium measurements were carried out as mentioned in 
earlier reports (1,2). For measurements of radioactivity, liquid 
scintillation counting was employed, appropriate corrections 
being made for quenching and efficiency. 

The methods of isolation of liver glycogen and hydrolysis, and 
the degradative procedures used have been described (1). 


RESULTS 


As will be seen in Table II there is significant incorporation of 
deuterium of administered 2,2’-D-fumarate in liver glycogen. 
Having established this fact, the location of deuterium in the 
glucosyl residues was then determined. For this purpose the 
derivatives shown in Table II were prepared and analyzed for 


Vol. 235, No. 2 


deuterium. The results of these analyses show that, as in the 
case of administered 2-D-1-lactate, the deuterium is located in 
positions 4 and 6. This becomes evident from the following 
considerations (see Experiment 1, Table II). Comparing the 
deuterium concentration of Sr D’-methoxy-D-hydroxymethy]- 
diglycolate dihydrate with that of the dimedone-formaldehyde 
derived from position 6 it may be seen that virtually all of the 
deuterium of the diglycolate is located in position 6, 7.e. 12 x 
0.082/22 x 0.042 = 0.94. Stated in other terms this means that 
94% of the deuterium in the diglycolate is accounted for by that 
in position 6. This indicates, of course, that there is no deu- 
terium attached to C-1 and C-5. By comparing the deuterium 
concentrations of the a-methylglucoside and the diglycolate it 
can be seen that deuterium is present in one or more other posi- 
tions in the molecule, 2, 3, and/or 4, 2.e. 12 « 0.082/14 x 0.10 = 
0.73, that is, 27% of the deuterium of the a-methylglucoside is 
located elsewhere than positions 1,5,6,6. Inasmuch as the D 
concentration of the formate derived from position 3 is insignifi- 
cant, the remaining deuterium in the molecule is attached to 
C-2 or C-4 or both. That there is no deuterium in position 2 is 
made evident by finding all of the deuterium of the a-methy]l- 
glucoside in the glucosazone, 2.e. 14 & 0.10/22 x 0.062 = 0.98. 
It may therefore be concluded that deuterium is present only in 
positions 4 and 6 of the glucosy] residues of liver glycogen formed 
from administered 2 ,2’-D-fumarate. 

The deuterium concentration at C-4 may be calculated from 
the D concentrations of the a-methylglucoside and dimedone- 
formaldehyde derived from position 6, 7.e. 14 K 0.10 — 22 x 
0.042 = 1.40 — 0.92 = 0.48 atom % excess. The ratio of deu- 
terium in the 4, to that in the 6 position is therefore 0.48/0.92 = 
0.52. This calculation assumes that, as in previous reports (1, 2) 
only one of the two hydrogen atoms in the primary carbinol 
group in position 6 of glucose is substituted with deuterium. 

Experiments 2 and 3 were performed mainly for the purpose of 
ascertaining to what extent the observed ratio of deuterium at 
C-4 to that at C-6 is a reproducible finding, and also to provide 
additional evidence of the locations of deuterium in the molecule. 
Thus the results of Experiment 2 provide confirmatory evidence 
of the absence of deuterium in position 1 of glucose units of liver 
glycogen formed from deuterofumarate. This is seen by com- 
paring the D concentrations of the glycogen and K gluconate, 
z.e.10 * 0.19/11 « 0.17 = 0.99. Similar results were obtained 
in Experiment 4, 7.e. 10 * 0.33/11 « 0.30 = 1.0. These results 
demonstrate that when glucose, formed by hydrolysis of the liver 


TABLE II 
Deuterium concentration of glycogen and derivatives obtained in experiments employing 2,2’-D-fumarate 
Total D concentration* 
Carbon-bound H atoms number of 
Compound of original glucose H atoms 
in compound in Experiment | Experiment | Experiment | Experiment 
compound 1 2 3 4 

a cui eRe 1, 2, 3, 4, 5, 6, 6 10 0.14 0.19 0.34 0.33 
1, 2, 3, 4, 5, 6, 6 14 0.10 
2, 3, 4, 5, 6, 6 11 0.17 0.30 
Na formate from oxidation K gluconate.................. 2,3, 4,5 4 0.15 
Sr D’-methoxy-D-hydroxymethyldiglycolate dihyrate..... 1, 5, 6, 6 12 0.082 
Na formate from oxidation of a-methylglucoside.......... 3 1 0.002 
Dimedone-formaldehyde from oxidation of glucose or K 


* Values given as atom % excess. 
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glycogen, is oxidized to gluconate none of the deuterium of the 
glucose is lost. 

From the data of Table II (Experiment 2) the deuterium con- 
centration at C-4 is estimated to be 4 x 0.15 = 0.60 atom % 
excess and the D concentration at C-6 is 22 x 0.052 = 1.14. 
The 4/6 ratio is thus 0.60/1.14 = 0.53. Similarly it may be seen 
from the data of Table II (Experiment 3) that 10 x 0.34 — 
22 x 0.10 = 3.40 — 2.20 = 1.20 atom % excess for the D con- 
centration at C-4 and the 4/6 ratio is 1.20/2.20 = 0.55. 

Experiment 4 was performed with the use of 2,2’-D ,2,2’-C'4- 
fumarate. As can be seen in Table II and as discussed earlier 
the deuterium analyses confirm the absence of deuterium at C-1 
and show once more that the 4/6 ratio is 0.5, 7.e. D concentration 
in position 4 = 10 X 0.33 — 22 x 0.10 = 3.30 — 2.20 = 1.10 
atom % excess and the ratio is thus 1.10/2.20 = 0.5. 

Other results of Experiment 4, recorded in Table III, show that 
fumarate is not as efficient a substrate for gluconeogenesis as is 
L-lactate (2). It will be seen, for example, that the proportion 
of administered C'* appearing in the liver glycogen is 4.56% and 
of deuterium only 0.12%. This is in contrast with results of 
experiments employing 2-D,2-C"4-L-lactate showing that over 
12% of the administered C'* and 1.1% of the deuterium given 
appeared in the liver glycogen (2). 

Of special interest is the ratio of C'4 to D found in position 6 
of the glucosyl residues of liver glycogen formed from 2,2’- 
D/2,2’-C'-fumarate. The specific activity of the dimedone- 
formaldehyde complex obtained by oxidation of a sample of the 
labeled glucose with periodate (C-6) was found to be 590 d.p.m. 
per wmole, whereas, as noted above, the D concentration in 
position 6 is estimated to be 2.20 atom % excess. This gives a 
C' to D ratio of 590/2.20 = 268. Since the C“ to D ratio in the 
2,2’ positions of the fumarate given was 22.7, the C to D ratio 
at C-6 is 11.8 times that in the 2,2’-positions of the fumarate 
given. In a previous report the C™ to D ratio in position 6 of 
the glucosyl residues of glycogen formed from 2-D ,2-C"'-L-lactate 
was 5.8 times the ratio of C'4 to D in the a-position of the ad- 
ministered lactate (2). 


DISCUSSION 


The foregoing results demonstrate that both the a-carbon and 
a-hydrogen atoms of fumarate are utilized in the synthesis of 
liver glycogen. The location of deuterium in the glucosyl] resi- 
dues of the glycogen formed from the deuterofumarate is the same 
as observed to result from administered 2-deuterolactate. How- 
ever, there is a notable difference between the 4/6 ratios of deu- 
terium when the results with fumarate are compared with those 
employing lactate, 7.e. the ratio is approximately 0.5 when 
deutero-fumarate serves as substrate for glycogenesis and 2.0 
when 2-deutero-lactate is given. 

It may be assumed that the action of fumarase on 2 ,2’-D ,2,2’- 
C'-fumarate leads to the formation of 2,3-D ,2,3-C'-malate in 
the liver and that the incorporation of deuterium and C" in posi- 
tion 6 of the glucose units of glycogen comes about as a conse- 
quence of the operation of the reactions shown below: 


f 
HOOCC*D=C*DCOOH 7) 
HOOCC*DHC*D(OH)COOH 
malic 
dehydrogenase | 


HOOCC*DHC*D(OH)COOH + DPNt+ 
HOOCC*DHC*OCOOH + DPND + Ht 


(8) 
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TaBLeE III 


Incorporation of deuterium and C™ in liver glycogen formed from 
2,2’-D,2,2'-C-fumarate 


Quantity of fumarate given..........|13.6 mmoles 


Total counts given.................... 54.9 X 10° d.p.m. 
Liver glycogen (as glucose)............ 1.06 X 10% umoles 
Specific activity of glucose*..........| 2.36 & 10° d.p.m./umole 
Total counts incorporated............. 2.50 X 106 d.p.m. 

C"™ incorporated. .................... 4.56% 

Deuterium given...................... 24.2 X 10? watoms 
Deuterium incorporated............... 0.03 X 10 watoms 


* This is 4 times the specific activity at C-6 (590 d.p.m. per 
umole) and is a calculated value. The calculation was made 
necessary by the fact that with the exception of the glucose used 
for periodate oxidation, all of the remaining material was con- 
verted to K gluconate. At the time of the performance of the 
present experiments difficulty was encountered in the determina- 
tion of the specific activity of K gluconate. In recent experi- 
ments performed with 2,2’-C-fumarate, it was found that the 
ratio of total counts in glucose (derived from the liver glycogen) 
to counts at C-6 was 4.03, justifying the calculation made above. 


oxaloacetate 


HOOCC*DHC*OCOOH + ITP 


C*DH=C*(OPO;H:) COOH + CO, + IDP 


(9) 


The 2,3-C',3-D-phosphopyruvate formed as a product of Reac- 
tion 9 might be expected to yield phosphoglycerate, and ulti- 
mately, glycogen containing deuterium in position 6 and C™ in 
positions 1, 2,5, and 6. The absence of deuterium in position 1 
is believed to be the result of stereospecific removal of deuterium 
from that position due to the action of hexosephosphate isomerase 
(1). Preliminary results of degradative studies conform with the 
view of symmetry of labeling with C™ in positions 1, 2 and 5, 6. 

The dilution of deuterium relative to C" in position 6 of glu- 
cose isolated in the present studies is approximately twice as 
great as in experiments employing 2-D ,2-C"-L-lactate. Since 
2,3-D ,2,3-C'-malate, presumed to be formed from administered 
2-D ,2-C"*-L-lactate, is internally labeled with both isotopes, 
while malate formed from a mixture of 2,2’-D- and 2,2’-C'*- 
fumarate is not, a hydrogen isotope effect comes to mind as a 
possible explanation of the data. However, that there does not 
appear to be selective utilization of malate containing normal 
hydrogen is indicated by studies employing deutero- and tritio-L- 
lactates (6). 

The results mentioned above are indeed anomalous and sug- 
gest that the pathway from lactate by way of C,-dicarboxylic 
acids to triosephosphate is more direct that that leading from 
exogenous C4-dicarboxylic acid to triosephosphate. 

The appearance of deuterium in position 4 of glucose (derived 
from liver glycogen) arising from administered 2-deuterolactate 
was interpreted as evidence of the coupling of the oxidation of 
lactate to the reduction of phosphoglycerate (1). Inasmuch as 
the present data also reveal that deuterium is present in the 4 
position of glucosyl residues of liver glycogen formed from 2 ,2’- 
D-fumarate, it would appear that directly or indirectly the oxida- 
tion of 2,3-D-malate (Reaction 8) is coupled to the triosephos- 
phate dehydrogenase system. If the coupling were direct one 
might expect to observe a higher ratio of deuterium in the 4 to 
that in the 6 position than was found in the present studies, for 
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when 2-deuterolactate is fed the ratio is 2:1. The data would 
seem to accord more with the hypothesis that the DPND formed 
in the oxidation of 2,3-D-malate is indirectly utilized for the 
reduction of phosphoglycerate. A plausible explanation of the 
present observations is that the oxidation of malate is coupled to 
the reduction of pyruvate and that the lactate so formed is 
utilized directly for the reductive synthesis of triosephosphate. 
As previously suggested (7) this couple would serve also as a 
mechanism for the resynthesis of malate by way of the malic 
enzyme reaction. Some support for this hypothesis has been 
gained in recent experiments employing 2,2’-tritiofumarate. 
These preliminary studies show that the administration of 2 ,2’- 
tritiofumarate to fasting rats leads to the appearance of 2- 
tritiolactate in the liver. 


SUMMARY 


2,2’-D-Fumarate and 2,2’-C-fumarate were administered to 
fasting rats. The liver glycogen, which was found to be labeled 
with both deuterium and C", was hydrolyzed to glucose and the 
deuterium located by subjecting the glucose to degradative pro- 
cedures. The labeled positions were found to be 4and 6. The 
ratio of the D concentration in the 4 position to that in position 
6 was approximately 0.5. 
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The appearance of deuterium in position 4 of the glucosy] 
residues of glycogen formed from 2,2’-deuterofumarate has been 
interpreted as evidence of direct or indirect coupling of the oxida- 
tion of malate to the reduction of phosphoglycerate. Indirect 
coupling by way of reduction of pyruvate is suggested as a possi- 
ble explanation of the data. 


Acknowledgment—The authors wish to acknowledge the skilled 
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In experiments employing hydrogen isotopes as tracers the 
possibility of relatively large isotope effects may be anticipated. 
In the main, this is because of the difference in zero-point energy 
between a bond to deuterium or tritium and the corresponding 
bond to hydrogen. When a hydrogen isotope effect is encoun- 
tered in a rate process the result may be interpreted as evidence 
that the breaking of a bond to hydrogen is a rate-determining 
step in the reaction. Inasmuch as the formation of triosephos- 
phate from lactate involves the breaking of a number of C—H 
bonds in oxidation reactions, it was deemed of interest to ascer- 
tain whether such a step plays a part in determining the rate of 
the over-all process. Furthermore, knowledge of the presence 
or absence of an isotope effect would be of aid in assessing quan- 
titatively the extent of utilization of the a-hydrogen atom of 
lactate in the formation of the reduced product. 

For the purposes of the present studies we have compared the 
relative utilization of deuterium and tritium located in the a- 
position of L-lactate in the synthesis of triosephosphate. In 
previous reports (1, 2) data were presented showing that liver 
glycogen formed from 2-D-t-lactate contains deuterium in the 
4 and 6 positions of the glucosyl residues. These results were 
interpreted as evidence of coupling of the lactic and triosephos- 
phate dehydrogenase systems and of the lactic dehydrogenase 
and malic enzyme systems. By administering together 2-T-L- 
lactate and 2-D-t-lactate and measuring the specific activity of 
the tritium and the deuterium concentration in the 4 and 6 posi- 
tions of the glucose units of the liver glycogen, it can be ascer- 
tained whether breaking of a C—H bond determines the rate 
synthesis of triosephosphate from lactate. 

The results of the present studies reveal that there is no dis- 
cernible hydrogen isotope effect in the series of reactions leading 
from lactate to triosephosphate. From this it would appear that 
the rate-determining step in the formation of triosephosphate 
from lactate does not involve the breaking of C—H bonds. The 
amount of deuterium or tritium in liver glycogen formed from 
2-D- or 2-T-1-lactate may be interpreted as a direct measure of 
the amount of hydrogen of exogenous lactate which is utilized 
in the reductive synthesis of carbohydrate. 


EXPERIMENTAL 


The synthesis of 2-D-t-lactate from 2-D-p1L-acetylalanine has 
been described in an earlier report (2). The tritium-labeled 


* Aided by grants from the United States Public Health Serv- 
ice, National Institutes of Health (No. RG-5905) and the Na- 
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compound was prepared in an analogous manner with 1-tritio- 
acetic acid for the labeling of pi-acetylalanine. The deuterium 
concentration in the 2 position of the lactate was 65.6 atom % 
and the corresponding abundance for tritium was 9.45 x 104 
d.p.m. per atom. For purposes of simplicity of comparison of 
the isotope abundances in the starting material with those in 
the final product, the data are expressed in terms of the tritium 
to deuterium ratio, which, in the 2 position of the lactate given, 
was 9.45 X 104/65.6 = 1440. 

Animal Experiments—Male rats of the Sprague-Dawley strain 
were employed. The average weight of the four fasted animals 
used was 237 g. Each rat received by stomach tube a solution 
containing 3.0 mmoles of isotopic Na lactate. The total amount 
of tritium given was 11.4 x 108 d.p.m. The duration of the 
experiment was 3 hours. 

Methods for the isolation of glycogen, hydrolysis to glucose, 
and so forth were those previously employed (1, 2). Measure- 
ments of radioactivity were carried out by liquid scintillation 
counting, appropriate corrections being made for quenching and 
efficiency. Deuterium analyses were performed as in earlier 
studies (1, 2). 

RESULTS 

The amount of liver glycogen was 0.79% and its deuterium 
concentration, 0.53 atom % excess. On hydrolysis of the gly- 
cogen, glucose was obtained with a specific activity of 7911 d.p.m. 
per umole. Oxidation of the glucose with the use of the method 
of Reeves (3) yielded formaldehyde from position 6 which was 
isolated as the dimedone derivative. The deuterium concen- 
tration of the dimedone-HCHO, which contains 22 hydrogen 
atoms, was 0.088 atom % excess and the specific activity was 
2744 d.p.m. perumole. The deuterium concentration in position 
6 (assuming only one of the two positions to be labeled) is com- 
puted to be 22 x 0.088 = 1.94atom %. The T:D ratio at C-6 
is thus 2744/1.94 = 1410. The D concentration and the specific 
activity at position 4 may be calculated from the D concentration 
and specific activity of the glycogen and glucose, respectively, 
and the D concentration and specific activity of the dimedone- 
formaldehyde. This calculation is based on earlier work showing 
that within the limits of experimental error, all of the deuterium 
in the glucosyl residues of liver glycogen formed from 2-D-lac- 
tate is in positions 4 and 6 (1). The D concentration at C-4 
is computed to be 10 X 0.53 — 1.94 = 3.36 + 0.2 atom %. 
The specific activity of the hydrogen in position 4 is 7911 — 
2744 = 5167 d.p.m. per watom. The T:D ratio is thus 5167/ 
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3.36 = 1530 which, because of uncertainty in the D concentra- 
tion at C-4 of + 0.2 atom %, is seen to be not significantly differ- 
ent from the T:D ratio in the lactate given. 

In previous experiments employing 2-D-lactate, estimates of 
the amount of deuterium appearing in the body water could only 
be approximate, since the dilution of deuterium by the hydrogen 
of the body water reduced the deuterium concentration to values 
too low to be accurately estimated. However, this limitation 
does not apply in the case of tritium. From a pooled specimen 
of blood serum water was obtained by sublimation under reduced 
pressure. The specific activity of the sample was 1.13 x 10° 
d.p.m. per ml. Employing tritiated water, Pace et al. (4) esti- 
mated the total water content of the rabbit to be equivalent to 
73.2% of the lean body mass. Assuming the applicability of 
this figure to the fasted rat, the body water of the animals used 
in the present study (total body weight, 950 g) is estimated to 
be 950 x 0.73 = 694 ml. The total amount of tritium in the 
body water is therefore 694 x 1.13 « 10° = 7.84 x 108 d.p.m. 
This is equivalent to 69% (7.84 « 108/11.4 x 10°) of the amount 
given. 


DISCUSSION 


From the theory of absolute reaction rates the minimum hy- 
drogen isotope effect is estimated to be equal to the square-root 
of the inverse ratio of the masses of the appropriate hydrogen 
isotopes (5). Thus the relationship of the rate constant for 
breaking a bond to deuterium to the constant for breaking a 
bond to tritium is (3/2)3 = 1.22. A minimum isotope effect of 
about 20% may thus be expected if a C—H bond-breaking 
process is rate-determining in the over-all reaction. This is esti- 
mated to be three times the expected error of measurement of 
the T:D ratio. 

The appearance of deuterium in position 4 of the glucosyl- 
residues of liver glycogen formed from 2-D-.-lactate has been 
interpreted as evidence of the coupling of the triosephosphate 
and lactic dehydrogenase systems (1, 2). The fact that in the 
present experiments the T:D ratio in that position is not signifi- 
cantly different from the T:D ratio in the lactate given suggests 
that neither the oxidation of lactate by lactic dehydrogenase nor 
the oxidation of DPNH by triosephosphate dehydrogenase are 
rate determining reactions in the synthesis of triosephosphate in 
vivo. 

Data have been presented in earlier reports (1, 2) indicating 
that the appearance of deuterium in position 6 of the glucosyl- 
residues of liver glycogen formed from 2-D-t-lactate is a conse- 
quence of coupling of oxidation of lactate to the malic enzyme 
system. After the initial formation of 2-D-malate there would 
appear to be rapid equilibration of malate with fumarate leading 
to the appearance of the label in the 2 and 3 positions of malate. 
This reaction is considerably faster than the oxidation of malate 
(2) and cannot, therefore, be considered to be a rate-determining 
step. Moreover, the participation of fumarase in the reaction 
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is not obligatory. The 2,3-D-malate is presumed to undergo 
oxidation by malic dehydrogenase, leading to the formation of 
3-D-oxaloacetate. The action of oxaloacetate carboxylase on this 
product and the enolase-catalyzed hydration of the phosphoryl- 
pyruvate formed are presumed then to yield 3-D-phosphoglycer- 
ate. Neither of the latter two reactions involve the breaking of 
a C—H bond. The foregoing considerations therefore suggest 
that oxidation of TPNH by the malic enzyme, oxidation of mal- 
ate by malic dehydrogenase, and the formation of fumarate by 
the action of fumarase are not rate determining steps in the over- 
all process of formation of triosephosphate from lactate via the 
dicarboxylic acid pathway. Rather the results suggest that the 
slow reaction may be the oxaloacetate carboxylase or enolase re- 
actions. 

The absence of an hydrogen isotope effect in the present ex- 
periments aids in the quantitative interpretation of the data, 
2.€. in calculating isotope yields, no correction for isotope effects 
is required. 

The appearance of more than two-thirds of the administered 
tritium in the body water is interpreted to indicate that the major 
proportion of reduced coenzyme formed in the oxidation of lac- 
tate is reoxidized aerobically. 


SUMMARY 


2-D-1-Lactate and 2-T-.-lactate were administered together 
to fasting rats. The T:D ratio was determined in positions 4 
and 6 of the glucosyl! residues of the liver glycogen formed from 
the administered lactate. It was observed that these ratios did 
not differ significantly from the T:D ratio in the lactate given. 
These results suggest that the breaking of a C—H bond is not 
a rate-determining step in the series of reactions leading from 
lactate to triosephosphate. 

The absence of a hydrogen isotope effect also indicates that 
the amounts of deuterium or tritium appearing in liver glycogen 
formed from administered 2-D- or 2-T-1-lactate are a direct 
measure of the amount of hydrogen of exogenous lactate utilized 
in the reductive synthesis of triosephosphate. 

The quantity of tritium appearing in the body water was esti- 
mated and found to be equivalent to 69% of the amount of 
tritium given. 


Acknowledgement—The authors wish to acknowledge the skilled 
technical assistance of Mrs. Beverly Farl and Mr. Basilio Lopez- 
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A close correlation between the process of oxidative phos- 
phorylation and mitochondrial swelling and shrinking has been 
described by a number of investigators by means of light scatter- 
ing measurements (1-10). The effects of various reagents on 
mitochondrial volume have also been reported; some examples 
are: Catt, phosphate, arsenate, adenine nucleotides, thyroxine, 
and agents which uncouple oxidative phosphorylation (2-5, 
7-10). It is thought that the action of these agents is localized 
at the mitochondrial membrane which contains the electron 
transport system and the enzymes of oxidative phosphorylation. 
Since the mechanism by which mitochondrial swelling and 
shrinking take place are not yet known, it was of interest to deter- 
mine whether mitochondrial membrane fragments (11) would be 
useful in clarifying the origin and mechanism of the swelling- 
shrinking phenomenon at a macromolecular level. This article 
reports on the relationship between the activity of the phos- 
phorylating respiratory chain and structural changes in mito- 
chondrial membrane fragments. 


EXPERIMENTAL 


Preparations—Rat liver mitochondria and fragments were pre- 
pared according to the method of Cooper and Lehninger (12) and 
Devlin and Lehninger (11). The properties $f the fragments 
were similar to those already described (12-17) and no significant 
differences in the findings reported here were obtained with the 
two similarly prepared fragments, with the exception that the 
latter method yielded, as reported (11), consistently active prep- 
arations. 

Reaction System—The reaction system employed contained 
1.90 ml of aerated 0.05 m tris(hydroxymethyl)aminomethane 
buffer at pH 7.5 containing 0.005 m MgCl:, 0.001 m ATP, and 
0.10 ml of mitochondrial fragments suspended in water, unless 
stated otherwise. The range of protein concentration employed 
was 0.68 to 0.83 mg per ml. 

Respiratory Pigments—Oxidized minus reduced difference 
spectra recorded with the split-beam spectrophotometer (18) con- 
firmed the findings of Devlin (19) that these fragments contain 
normal ratios of the respiratory enzymes found in mitochondria, 
except pyridine nucleotides. With the use of the technique of 
Estabrook (20) low temperature spectra revealed the presence of 
a band at 552 my which suggests the presence of cytochrome c; 


* A preliminary report of this research was presented at the 
American Chemical Society Meetings, Boston, Massachusetts, on 
April 6, 1959. 

+t Present address: Dept. of Microbiology, The University of 
Texas Southwestern Medical School, Dallas 35, Texas. 
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as well as cytochrome c (547.5 my at low temperature) in the 
fragments. This finding is additional proof for the contention 
of Devlin that the normal components of the respiratory chain 
are present. 

A pparatus—Oxygen utilization was measured with the plati- 
num electrode technique (21). The dual-beam recording spec- 
trophotometer (18) was used for measuring cytochrome oxida- 
tion-reduction. The steady state oxidation-reduction level of 
cytochrome b was measured at 430 — 410 mu. The same ap- 
paratus was also used for recording light scattering by measuring 
changes in absorbancy (22), at a single wave length, 410 mu, 
where the presence of pigments does not interfere. Data are 
reported as the change in absorbancy; the initial absorbancy of 
the reaction mixture is thus not taken into account, except where 
stated otherwise. 

Osmotic Properties—Since intact rat liver mitochondria have 
been observed by Tedeschi and Harris (23) to behave as osmom- 
eters with sucrose and to follow the Van’t Hoff law, it was of 
interest to see whether the fragments retained this property. 
Fragments suspended in water were resuspended in sucrose media 
of different concentrations and the absorbance at 520 my read 
in a Beckman spectrophotometer as shown in Fig. 1. With in- 
creasing concentration of sucrose, the optical density declined. 
The decline of absorbance appears to be a consequence of the 
greater refractive index of sucrose solutions of increasing concen- 
trations (23). Thus the fragments have lost the ability to re- 
spond osmotically to sucrose. 


RESULTS 


Dependence of Light Scattering Changes on Oxidation-Reduction 
State of Respiratory Enzymes—Demonstration of light scattering 
changes occurring concurrently with the activity of the respira- 
tory enzymes, as exemplified by changes in the steady state oxida- 
tion-reduction level of cytochrome b, is shown in Fig. 2. At the 
start of the experiments, the reaction mixture was allowed to 
stand for several minutes (see below) before being placed in the 
spectrophotometer. Then 5 mm $-hydroxybutyrate was added. 
6-Hydroxybutyrate respiration caused a reduction of cytochrome 
b (upward deflection) and an increase in light scattering. The 
more reduced steady state of cytochrome b was reached in a few 
seconds, whereas the light scattering increase began more slowly 
and continued for several minutes until Amytal was added. 
Amytal interrupts the flow of electrons between B-hydroxybutyr- 
ate dehydrogenase and the cytochromes and therefore an oxida- 
tion of cytochrome b was observed. Accompanying the inhibi- 
tion of 6-hydroxybutyrate oxidation was an almost complete 
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MOLARITY OF SUCROSE 
Fig. 1. Test for osmotic properties of fragments 
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Fig. 2. Light scattering concurrent with electron transport. 
BOH = £g-hydroxybutyrate. 


cessation of a further change in light scattering. The addition 
of succinate reinitiated electron transport; cytochrome 6 was 
reduced and the light scattering increase began again. When 
electron transport from succinate was halted by the addition of 
malonate, as indicated by the oxidation of cytochrome b, the 
succinate-induced light scattering increase was reversed. The 
different action of the two inhibitors suggested that the complete 
oxidation of the respiratory chain beyond succinic dehydrogenase 
reverses the increase of light scattering, whereas blocking electron 
transport at the DPNH level preserves the changes. 

To further examine this relationship of the activity of the 
respiratory chain to light scattering changes, the following experi- 
ments were performed. Mitochondrial substrates other than 
8-hydroxybutyrate or succinate which are not oxidized by the 
fragments, were tested and found to have no effect on light scat- 
tering. Reduced DPN is oxidized by fragments, but causes only 
feeble phosphorylation (12, 13) and it had no effect on light 
scattering. Fragment preparations made on different days 
showed some quantitative differences in percentage reduction of 
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cytochrome 6b in the steady state, oxygen utilization, and light 
scattering with succinate or 6-hydroxybutyrate. In any one 
experiment, however, the light scattering increases correlated 
with the rate of oxygen utilization or percentage reduction of 
cytochrome 6 in the steady state. 7 

The role of the oxidation-reduction state of the respiratory 
chain was further examined by testing the effect of antimycin A 
and azide on light scattering caused by electron transport from 
either succinate or B-hydroxybutyrate. Both inhibitors abol- 
ished further light scattering increases once the change had be- 
gun. If the inhibitors were added before substrate, then the 
light scattering increase was completely prevented. Shunts of 
the electron transport chain (13, 14) were also examined: (a) suc- 
cinate to cytochrome c and ferricyanide, and (6) ascorbate and 
cytochrome c to O2. Reactions proceeding by way of these 
shunts were not associated with increased light scattering. 
These latter experiments unfortunately have not proven that the 
function of the entire chain is required for the light scattering 
increases, since electron transport through the shunts and cou- 
pled phosphorylation are much reduced in activity as compared 
to the intact chain. 

The relationship of changes in light scattering to the oxidation- 
reduction state of the respiratory enzymes is shown in Fig. 3. 
The preparations contain small amounts of endogenous substrate 
and this is utilized after several minutes in an aerobic medium 
(verified by measuring Oz, utilization with the platinum elec- 
trode). This is shown by the transition of cytochrome b to a 
100% oxidized state in the uppermost curve. Accompanying 
this change is a decreased light scattering. Addition of substrate, 
B-hydroxybutyrate, and succinate, together causes a rapid reduc- 
tion of cytochrome b to a new steady state; and subsequent to 
this is an increased light scattering. Two results are evident 
from this experiment: first, the light scattering changes are 
reversible, and second, the cytochrome reactions occur more 
rapidly than the light scattering change, as is the case in intact 
mitochondria (7, 8), suggesting that the action of the respiratory 
chain under these conditions drives the light scattering changes 
rather than the reverse. 


CYTOCHROME b 
REDUCTION 
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Fic. 3. Dependence of light scattering changes on the oxida- 
tion-reduction state of the respiratory enzymes. 
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Dependence of Light Scattering Changes on Oxidative Phos- 
phorylation— When fragment preparations were aged for 20 hours 
at 2°, the light scattering changes decreased about 50%. This 
is the same as the rate of decline of the oxidative phosphorylation 
system (12, 17). The inability of DPNH oxidation to elicit 
light scattering changes in fragments also indicated that these 
changes were dependent on functional integrity of the enzymes 
of oxidative phosphorylation. The dependence of light scatter- 
ing on electron transport and the presence of adenine nucleotides 
was therefore investigated in some detail. Table I shows that 
in the absence of added substrates, a slow rate of increase of 
light scattering occurred with high concentrations of either ADP 
or ATP, the latter being more effective. These changes appear, 
however, to occur because of a slow rate of endogenous Oz con- 
sumption. As shown in the table, azide prevents the light 
scattering increase with 5mm ATP. When substrate was added 
in the absence of adenine nucleotide, light scattering slowly in- 
creased, suggesting that some adenine nucleotides are present in 
the fragment preparation. With added ADP or ATP, the rate 
of increase is considerably greater than with substrate alone. 
The last column of Table I also shows that the total light scatter- 
ing increase was dependent on the concentration of adenine 
nucleotides. ATP was more effective than ADP in increasing 
both the rate and the total extent of the light scattering changes. 
The effect of AMP on light scattering was similar to that of ADP. 
Whereas the fragment preparations can apparently be freed of 
most endogenous substrate, it appears that removal of adenine 
nucleotides is difficult (24). In agreement with the specificity 
of oxidative phosphorylation in these fragments for adenine 
nucleotide (12-14), other nucleotides tested had no effect on light 
scattering. Thus it may be concluded that light scattering in- 
creases are dependent on the presence of adenine nucleotides and 
electron transport which is coupled to oxidative phosphorylation. 

Light scattering increases by ADP were examined in more 
detail. The influence of the order of addition of ADP and sub- 
strate on the rate of increase is shown in Fig. 4. In A, 0.25 mm 
ADP was added to the reaction mixture and, as can be seen, there 
was no appreciable light scattering change. On addition of 


TABLE I 
Adenine nucleotide and substrate dependence of light scattering 


Increased absorbancy 
Nucleotide added 
Total 
min, min, 

0.000 0.022 0.042 

0.000 0.022 0.042 
4mm ATP + 2.5 mM azide.....| 0.000 0.000 0.000 


*2.5 mm each, added 2 minutes after the experiment was 
Started. 
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0.25mM 
ADP 


‘O60 120 180 240 300 
SECONDS 


Fic. 4. Influence of ADP on the kinetics of light scattering 
changes. 


ABSORBANCY CHANGE 


60 120 180 


TaBLeE II 
Effect of cations and anions on light scattering 
Light scattering 
System 
Increased Total 
absorbancy | absorbancy 
min. 

1. Complete, with succinate................. 0.019 0.087 

—MgCl., +5 mm MnCl:.................. 0.008 
—MgCle, +3 mm CaCl. . .....--| 0.000 

+0.2 mm Na phosphate.................. 0.019 
+1 mm Na phosphate.................... 0.012 
+2 mm Na phosphate.................... 0.000 

+3 mm CaCl, at 5 min................... —0.070 | —0.093 
+0.5 mm CaCl, at 5 min................. —0.005 
+0.6 mm CaCl. + 0.5mm ADP at 5 min..| —0.002 
+2.5 mm CaCl, + 0.5 mm ADP at 5 min..| —0.007 
2. Complete, with 6-hydroxybutyrate...... 0.028 
+5 mm Na phosphate.................... 0.000 
+5 mm Na phosphate + 2mm ATP...... 0.011 
+15 mm Na phosphate + 2mm ATP..... 0.000 

3. Complete, with 6-hydroxybutyrate...... 0.018 0.085 

+5 mm Na phosphate, after 5 min........ —0.034 | —0.084 

4. Complete, with 6-hydroxybutyrate...... 0.009 0.056 
+2.5 mm Na arsenate................... 0.000 

+2.5 mM Na arsenate, after 7 min....... —0.022 | —0.056 

+5.0 mm Na arsenate + 2 mm ATP, after 
+5.0 mm Na arsenate + 2 mm ATP + 

1 mm Amytal, after 7 min. ....| —0.031 


substrate, a rapid increase occurred, which reached completion 
after about 60 seconds. In B, 5 mm succinate was added to the 
reaction mixture, and no change is observed until shortly after 
ADP was added. In this case, the increase in light scattering is 
slower than in A, and is also preceded by a time lag. Although 
the total increase in B was approximately the same as in A, the 
time required was much greater—approximately 240 seconds 
instead of 60. Thus, the light scattering changes occurred more 
rapidly when the reaction mixture was allowed to incubate for 
several minutes in the presence of ADP. Since ATP itself is 
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more effective than ADP it would appear that the preincubation 
time is required for the conversion of ADP to ATP. 

Influence of Anions and Cations on Light Scattering Changes— 
Typical results are given in the several experiments summarized 
in Table II. The system used throughout this study contained 
Mg?** ions, and, as shown in Experiment 1, no light scattering 
increases occurred in the absence of this cation. Optimum light 
scattering increases occurred with 5 mm Mg?*+, the concentration 
used throughout. Higher Mg++ concentrations repressed light 
scattering. Mn*+* will substitute for Mgt* as in intact mito- 
chondria (2, 9), but Cat* will not. If 3 mm Cat+ is added at 
zero time, it prevents the light scattering increase. If, however, 


TABLE III 
pH dependence of light scattering 
pH Increased absorbancy Total absorbancy 
min. 
4.4 0.000 0.000 
5.6 0.005 0.020 
6.2 0.008 0.037 
6.9 0.025 0.063 
7.4 0.056 0.124 
7.9 0.041 0.123 
8.2 0.008 0.037 


TaBLeE IV 


Reversal of light scattering and cytochrome b reduction 
by uncoupling agents 


Uncoupler state cyte 
min A uM O2/min. 
None 0.000 45 27.6 
Dicoumarol 10 uM 0.000 19 29.4 
50 uM —0.019 8 
Pentachlorophenol 10 uM —0.005 11 24.4 
20 uM —0.014 11 
50 uM —0.023 8) 12.0 
2,4-Dinitrophenol 50 uM —0.014 25 21.0 
Gramicidin 19 wg/ml —0.022 13 39.6 
L-Thyroxine 50 uM 0.000 30 


* Substrate was B-hydroxybutyrate + succinate, 5 mM each. 


TABLE V 


Effect of oxidation-reduction state of respiratory chain on action of 
dicoumarol on light scattering 


Absorbancy Total 
change absorbancy 
min. 
Control, 5 mm #-hydroxybutyrate + 1 
+25 um Dicoumarol, after 5 min......... —0.046 | >—0.080 
+2 mm Amytal, after 5 min............. 0.000 
+2 mm Amytal + 25 um Dicoumarol, 
um Dicoumarol, after system anaero- 
+25 um Dicoumarol, at zero time...... 0.000 
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light scattering is allowed to increase for 5 minutes to a maximum 
value, and then 3 mm Ca**+ is added, the increase is rapidly re- 
versed. The extent of reversal usually closely parallels the 
original amount of increase. Reversal is slower at lower Ca++ 
concentrations. If the adenine nucleotide concentration is in- 
creased at the same time Ca*+ is added, then the rate of reversal 
is slower. Thus, adenine nucleotides are competitive with Catt, 
and the well known binding of adenine nucleotides by Ca++ may 
be the explanation of this result (25, 26). 

The effect of phosphate and arsenate is strikingly similar to 
that of Ca++. First, 2 mm phosphate and 2.5 mm arsenate 
abolish increased light scattering. Lower concentrations inhibit 
the increase. Second, if light scattering increases are allowed 
to proceed to completion, and phosphate or arsenate is added, a 
quantitative reversal like that with Cat* occurs. Adenine 
nucleotides also compete with phosphate and arsenate as with 
Ca**, 

Simultaneous measurements of the cytochrome system show 
that reversal of light scattering increase by Ca*t, phosphate, and 
arsenate is not accompanied by an oxidation of the respiratory 
enzymes. Thus the mechanism of reversal with these reagents 
clearly differs from that brought about by oxidation of the respir- 
atory enzymes observed when endogenous substrate disappears 
or electron transport is inhibited at the dehydrogenase level. 

The pH dependence of light scattering increases was examined 
in the pH range 5 to 9. The optimum pH for maximal rate and 
extent of these increases was at pH 7.6. Light scattering in- 
creases fell off more sharply on the alkaline side than on the acid 


side of the optimum. Some typical results are given in Table III. 


Reversal of Light Scattering by Uncouplers of Oxidative Phos- 
phorylation—The action of uncouplers of oxidative phosphoryla- 
tion (12) such as pentachlorophenol, gramicidin, thyroxine, 2,4- 
dinitrophenol, and Dicoumarol, is shown in Table IV. All of 
these compounds except thyroxine cause a reversal of light 
scattering increase, and the rate and extent of reversal is similar 
to the other situations where reversal occurs (see Fig. 2). The 
mechanism of reversal appears similar to the type represented by 
Ca++, phosphate, and arsenate, even though reversal is here 
accompanied by changes in the oxidation-reduction state of the 
respiratory enzymes. The evidence for this is that uncoupling 
agents can cause reversal when electron transport is blocked by an 
inhibitor or by an aerobiosis, as is clearly shown for Dicoumarol 
in Table V. Uncoupling agents effect a quantitative reversal of 
light scattering. 

Structural Changes—In intact mitochondria, light scattering 
changes under the influence of the activity of the respiratory 
chain and oxidative phosphorylation are correlated with swelling 
and shrinking (27). Swelling and shrinking of intact mito- 
chondria are also accompanied by a movement of water and ions 
(2). It is believed that these changes are brought about as a 
consequence of metabolically induced changes in structure in the 
mitochondrial membranes (10, 27). It was therefore of interest 
to determine whether light scattering changes in mitochondrial 
membrane fragments were also accompanied by volume changes. 
In these experiments concentrated suspensions of fragments con- 
taining the reagents normally present in the reaction mixture 
were oxygenated for 5 minutes. Then substrate, 6-hydroxy- 
butyrate plus succinate, and ATP were added. Fragments in 
this condition (increased light scattering) were then centrifuged 
in hematocrit capillary tubes at 105,000 x g for 20 minutes, and 
the volume of solids determined afterward. Control samples 
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with no added B-hydroxybutyrate, succinate, or ATP (decreased 
light scattering) were also examined. In both conditions in 
many experiments the same volume concentration of solids was 
found even when the volume of the solids was as high as 45%. 
However, the increase in light scattering caused by 6-hydroxy- 
butyrate, succinate, and ATP over the initial value was about 
40%. Based on past experience with this method of direct meas- 
urement of volume changes in intact cells and mitocinondria, it 
appears that the light scattering change of the fragments was 
not accompanied by a change in volume greater than 2%. Thus, 
although there can be no doubt that the changes in light scatter- 
ing reported in this study are reflections of structural changes, 
the nature of this change, which is currently under investigation, 
is presently unknown. 


DISCUSSION 


In mitochondrial membrane fragments, change in light scatter- 
ing is a measure of some structural change in the macromolecular 
system of phosphorylating respiratory enzymes. It is probably 
this same macromolecular change which brings about movement 
of water and ions accompanying swelling and shrinking of intact 
mitochondria. 

Many explanations of the fae of the light scattering changes 
in fragments have been considered. Reversible aggregation of 
fragments, (28), because of change in charge, could account for 
light scattering changes. However, if this process is occurring it 
must be closely coupled to the activity of the respiratory chain 
and oxidative phosphorylation; it could not be nonspecific be- 
cause the effects of cations and anions (Table II) are so similar 
to those found with phosphorylating mitochondria. Changes in 
the size of micelles of fragments could also account for the light 
scattering results if the size change was small, because no change 
in volume was detected. Perhaps the most attractive explana- 
tion is that the scattering changes arise from changes in shape 
or symmetry of the macromolecules. Increased light scattering 
may correspond to a high degree of folding or contraction and 
decreased light scattering to unfolding or extension of the macro- 
molecules, as has been recently suggested by Lehninger (29). 
Studies are in progress to test the validity of these various hy- 
potheses. 

Although the nature of the physical change in membrane mate- 
rial is not defined, it is clear from the evidence presented here for 
fragments, and elsewhere for intact mitochondria (1-10) that the 
enzymes of the respiratory chain and oxidative phosphorylation 
have an important role in controlling the structural state. Both 
in mitochondria and fragments, the reactants (substrate, oxygen, 
ADP, orthophosphate) and product (ATP) of respiration and 
coupled phosphorylation all affect the structural state. More- 
over, reagents which affect these processes, in both mitochondria 
and fragments, such as Mg++ and Mn?** ions, Ca** ions, arsenate, 
inhibitors of electron transport, and uncouplers of oxidative 
phosphorylation also affect light scattering in a qualitatively 
similar fashion in both systems. These findings suggest that 
structural changes in mitochondrial membranes are probably not 
directly due to any one of these reagents, but rather that these 
substances influence a common unknown intermediate(s) of re- 
spiratory chain phosphorylation (7, 9, 27). Since kinetic 
studies in mitochondria (7, 8) and fragments (Fig. 2) show that 
the metabolic changes occur more rapidly than the structural 
changes, it seems likely that intermediates of respiratory chain 
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INCREASED LS = HIGH — INTERMEDIATE OF X 


HYPOTHESIS neCREASED LS=FREE X 


[arsenat e} (Cat+] 


electron transport 
Malonate 


Carrier 


Fig. 5. Scheme relating light scattering changes to present 
knowledge of energy-linked intermediates of oxidative phos- 
phorylation. 


phosphorylation determine structural changes in closely asso- 
ciated macromolecules. 

The dependence of light scattering increases on the activity 
of the respiratory chain and conditions favorable for oxidative 
phosphorylation led us to the hypothesis that these changes occur 
as high energy intermediates accumulate. Fig. 5 summarizes 
schematically the observed interrelationships between light scat- 
tering and the energy-linked intermediates of oxidative phos- 
phorylation, with the nomenclature and sequence developed by 
Lehninger et al. (17) in their study of these fragments. It is 
proposed that maximal increased light scattering corresponds to 
the accumulation of energy-linked intermediate forms of x (~z), 
whereas decreased light scattering corresponds to the converse, 
an accumulation of free z. z represents a single or multistep 
sequence of reactions linking electron transport to ATP synthesis. 
Apparent interrelationships of the compounds and conditions 
studied here which affect both light scattering and respiratory 
chain phosphorylation are shown schematically in Fig. 5 and are 
summarized as follows. 

Starting electron transfer causes oxidative phosphorylation, 
the accumulation of carrier ~z, and x ~ P, and light scattering 
increases. A high ATP concentration is required for maximal 
increased light scattering. ATP may augment accumulation of 
-~z compounds by reversal of the terminal reaction of oxidative 
phosphorylation. Inhibition of electron transport with azide or 
antimycin A stops oxidative phosphorylation, light scattering 
increases, and presumably the further accumulation of ~z com- 
pounds. 

Increases in light scattering can be reversed in several ways: 
(a) by exhaustion of substrate or blocking the utilization of sub- 
strate at the dehydrogenase level. The oxidation of the re- 
spiratory chain would cause disappearance of carrier ~z and 
zx ~ P and hence light scattering would decrease; (b) agents 
which uncouple oxidative phosphorylation cause decreased light 
scattering and according to present knowledge hydrolyze ~z 
compounds; (c) Cat+* causes decreased light scattering, possibly 
by binding adenine nucleotides; (d) arsenate causes decreased 
light scattering, and, by substituting for phosphate in oxidative 
phosphorylation, should reduce the concentration of z ~ P, and 
carrier ~2. 

Although Gamble (30) has reported that fragments carry 
on an active exchange of potassium ions, the data of Table II 
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show that potassium does not affect light scattering. However, 
precisely the same conditions were required for maximal reten- 
tion and exchange of potassium ions in fragments as were found 
here for increased light scattering. This suggests that the greater 
retention and exchange of potassium ions observed by Gamble 
are closely related to the structural state of the fragments. The 
explanation of the significance of this correlation may be of great 
interest to the mechanism of active transport of ions across 
membranes. 


SUMMARY 


1. To approach the problem of the origin and mechanism of 
energy-linked swelling and shrinking phenomena in mitochon- 
dria, the action of the respiratory chain on structural changes, 
measured by light scattering, was examined in mitochondrial 
membrane fragments. 

2. Maximal increased light scattering of membrane fragments 
was dependent on electron transport coupled to oxidative phos- 
phorylation which required succinate or $-hydroxybutyrate, 
adenosine triphosphate, and Mg**+ or Mn** ions. 

3. Although the rate of increased light scattering was depend- 
ent on the oxidation-reduction state of the respiratory carriers, 
the light scattering changes occurred more slowly than the cyto- 
chrome reactions. When the flow of electrons through the chain 
was interrupted by the use of an inhibitor, such as antimycin A, 
azide, or Amytal (for 6-hydroxybutyrate oxidation only), then 
further light scattering increases were halted. However, if the 
flow of electrons was interrupted at the dehydrogenase level, as 
by the malonate block of succinate oxidation, the oxidation of 
the respiratory carriers associated with succinate resulted in a 
quantitative reversal of the increase in light scattering. Oxida- 
tion of the respiratory carriers due to exhaustion of endogenous 
substrate also produced a similar reversal . 

4. Appropriate concentrations of Ca++, phosphate, arsenate, 
or uncouplers of oxidative phosphorylation also brought about 
a quantitative reversal of light scattering increases. 

5. Light scattering changes of mitochondrial membrane frag- 
ments were interpreted as a measure of some structural change 
closely associated with the macromolecular system of phosphory]- 
ating respiratory enzymes and assumed to be the origin of energy- 
linked volume changes of intact mitochondria. Current knowl- 
edge of the nature of the physical change in the fragments and 
mitochondria is discussed. A hypothesis for the interrelation- 
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ship between light scattering changes and the accumulation of 
energy-linked intermediates of respiratory chain phosphorylation 
is presented. 
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Considerable evidence of a qualitative or semiquantitative 
nature that cytochrome c constitutes an essential link in the elec- 
tron transport chain of mitochondria exists in the literature (1). 
In this paper we describe the capacity of added cytochrome c 
to effect stoichiometric reconstitution of electron transport in 
rat liver mitochondria which have been depleted of endogenous 
cytochrome c under conditions which preserve about 75% of their 
original phosphorylative potential. A preliminary report of the 
work has been published (2). 


EXPERIMENTAL 


The livers of three 150- to 250-g male rats were ground in 0.3 
mM sucrose with a Teflon-glass homogenizer and the mitochondria 
were obtained by differential centrifugation essentially as de- 
scribed in the literature (3, 4). They were depleted of their 
endogenous cytochrome c by the following procedure. After 
the final preparatory centrifugation, the entire mitochondrial 
residue from the above was carefully drained of excess sucrose 
solution and suspended in 50 ml of 0.015 m KCI at 0° for 10 min- 
utes. The mitochondria were then centrifuged at 6,000 x g 
for 10 minutes, resuspended in 50 ml of 0.15 m KCI at 0° for 10 
minutes, centrifuged at 5,000 x g for 10 minutes, and the residue 
washed twice more with 50 ml of 0.15 mM KCl. The supernatants 
from the 0.15 m KCl washings were stored at 0° for future analysis 
of their cytochrome c content. The final mitochondrial residue 
from the 0.15 m KCl washings, drained of excess salt solution, 
was suspended in 50 ml of 0.3 Mm sucrose. We will subsequently 
refer to this preparation as extracted mitochondria. 

The experimental flasks contained a basic reaction mixture de- 
fined as: potassium salt of substrate (1.5 « 10-? M), potassium 
phosphate (1 x 10-? mM, pH 7.0), ATP (1.5 x 10-3 M), glucose 
(6 x 10-? m), sucrose (0.3 M), magnesium chloride (7.5 X 10° 
M), hexokinase (0.5 mg), and a standard aliquot of extracted 
mitochondria representing 8 to 9 mg of mitochondrial protein 
before extraction. ‘To this was added purified cytochrome c and 
any other special components indicated in the text. The final 
reaction volume was 3.3 ml. Oxygen consumption, inorganic 
phosphate disappearance, and protein concentrations were meas- 
ured as described previously (5). Cytochrome c (horse heart) 
was purchased from Sigma Chemical Company and purified on 
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Amberlite XE-97 cation exchange resin as described by Margo- 
liash (6). Antimycin A was assayed by its characteristic absorb- 
ance at 320 my in ethanol (7). 


RESULTS 


The successful extraction of endogenous cytochrome c from rat 
liver mitochondria requires their preliminary exposure to a hy- 
potonic medium followed by washing with salt solution. The 
hypotonic pretreatment is responsible for the partial loss of phos- 
phorylative capacity sustained by the mitochondria during the 
extraction process. We have found that such loss is reduced by 
use of 0.015 m KCI rather than distilled water as used previously 
(2), without significantly decreasing the quantity of endogenous 
cytochrome c subsequently extractable with 0.15 m KCl. Mito- 
chondria subjected to this extraction procedure lose 95 to 100% of 
their capacity to oxidize the substrates which feed electrons into 
the terminal respiratory enzyme chain (Figs. 1 and 2). Fig. 1 
shows the restoration of succinate oxidation by added cytochrome 
c in four separate preparations of extracted mitochondria. Fig. 
2 shows the restoration by added cytochrome c of succinate, cit- 
rate, glutamate, a-ketoglutarate, and 8-hydroxybutyrate oxida- 
tions in a single extracted preparation. In these experiments all 
flasks contained enzyme derived from the same amount of unex- 
tracted mitochondria (9 mg of protein). P:O ratios of the re- 
constituted oxidations are shown in Table I. These P:O ratios 
were frequently increased (Table I) by supplementing the reac- 
tion mixture with fluoride (1 x 10-? m), ethylenediaminetetra- 
acetate (0.3-3  10-* m), or bovine serum albumin (0.3%). 

The endogenous cytochrome c extracted by the 0.15 m KCl 
washings was quantitatively recovered by its adsorption on Am- 
berlite XE 97 cation exchange resin and subsequent elution with 
0.5m KCl. The absorption spectrum of the eluate was quantita- 
tively similar to that of a purified solution of horse heart cyto- 
chrome c. The concentrations of cytochrome c in thle eluates 
were calculated with the use of the extinction coefficient for the 
reduced cytochrome at 550 my reported by Neilands (8). Table 
II compares the amount of endogenous cytochrome c extracted 
from mitochondria representing 8.5 mg of protein with the quan- 
tity of cytochrome c which had to be added to the same sample 
after its extraction in order to saturate succinate oxidation rates. 
We have assumed this latter quantity to be closely approximated 
by the intersection of the lines representing the well defined initia] 
and final slopes of the experimental curves (see Fig. 1). 

Cytochrome c added in limiting amounts, as above, is very 
strongly retained by extracted mitochondria. The data of Table 
III show that the reconstituted cytochrome c is not removed by 
subsequent washing with 100 volumes of 0.3 m sucrose. These 
observations clearly imply that binding forces operative in ex- 
tracted mitochondria completely convert limiting quantities of 
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Fig. 1. Restoration of succinate oxidation in extracted mito- 
chondria by added cytochrome c. Data are shown for four indi- 
vidual preparations. 
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Fig. 2. Restoration of succinate, glutamate, citrate, a-ketoglu- 
tarate, and 6-hydroxybutyrate oxidations in extracted mitochon- 
dria by added cytochrome c. @——®@, succinate; O——O, glu- 
tamate; O——O, a-ketoglutarate; A——A, citrate; K——xX, 
8-hydroxybutyrate. 


added cytochrome c to a bound form and thereby effectively 
reduce to zero the concentration of free cytochrome c in the me- 
dium. The added cytochrome c may subsequently be considered 
as uniformly distributed throughout the reaction volume, but in 
its bound form. It is customary (cf. Estabrook (9)) to express 
this distribution as a concentration. This convention has been 
used for presentation of the data shown in Figs. 1 to 3. 

We have recently extended the studies of Lehninger (10) on 
the oxidation of DPNH in mitochondria. The oxidation of exog- 
enous DPNH occurred at maximal rates in rat liver mitochondria 
after their exposure to hypotonic media at pH 6.0 (11). This 
oxidation is primarily antimycin-insensitive and nonphosphoryla- 
tive. When mitochondria, treated in this manner, are subse- 
quently washed at pH 8.0, DPNH oxidation proceeds at a 
reduced rate but this oxidation is essentially antimycin-sensitive 
and phosphorylate. The dependence of DPNH oxidation in 
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TABLE 
P:O ratios for oxidations restored by cytochrome c 
in extracted mitochondria 
Basic reaction mixture is described in text. 
are indicated in table. 


Further additions 


Substrate Cytochrome c Additions* Oxygen | P:O 
Succinate........... none none 0.0 
Succinate........... 1 X 10-* | none 12.8 | 1.10 
Succinate........... 1 X 10-*; F- (1 X 10°? m) 9.6 | 1.39 
Succinate........... 1 X 10-* | BSA (0.3%) 12.1 | 1.23 
Succinate........... 1xX10-*| EDTA (0.3 X | 13.9 | 1.28 

10-3 m) 
Succinate........... 1 X 10-* | EDTA (3 X 10° 9.1 | 1.51 

M) 
Succinate........... none none 0.5 
Succinate........... 1 X 10-*| none 12.1 | 1.22 
Glutamate.......... 1 X 10-*| none 8.5 | 1.95 
a-Ketoglutarate.....| 1 none 5.7 | 2.20 
8-Hydroxybutyrate..} 1 none 5.9 | 2.01 
1 X 10-* | none 4.5 | 1.87 


* BSA is bovine serum albumin, EDTA is ethylenediamine- 
tetraacetate. 


TABLE II 
Comparison of amount of cytochrome c required to restore fully 
succinate oxidation in extracted mitochondria 
with amount extracted 


Cytochrome c 
Preparation 
Added Extracted 
myumoles mpumoles 
1 1.9 1.8 
2 1.8 1.7 
3 1.0 1.4 
4 0.75 1.1 
TaBLeE III 


Retention of cytochrome c by extracted mitochondria 


The first column represents the cytochrome c (mymoles) added 
to 1 ml of a suspension containing 8.5 mg of protein of extracted 
mitochondria in 0.3 mM sucrose. The substrate in the experiments 
on oxygen uptake was succinate. 


Oxygen consumption 
Cytochrome 

Before washing After washing 

mumoles patoms 18 min patoms 18 min 
none 0.5 0.5 
0.8 5.9 5.6 
1.7 11.1 10.5 
3.4 12.5 12.1 


such preparations on added cytochrome c is shown in Fig. 3. For 
the above experiments, 1 volume of a standard preparation of 
extracted mitochondria was suspended in 10 volumes of 10-* 
histidine at pH 6.0 and immediately centrifuged at 75,000 X g 
for 10 minutes. One-half of the residue was then suspended in 
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0.3 m sucrose and the other half washed twice with 10 volumes of 
10-3 m tris(hydroxymethyl)aminomethane buffer at pH 8.0 and 
then resuspended in 0.3 m sucrose. 

We have shown elsewhere (11) that the dependence on added 
cytochrome c of electron transport mediated by silicomolybdate 
and ferricyanide in extracted mitochondria is essentially the same 
as for succinate oxidation. 


DISCUSSION 


The data presented in this paper confirm the picture that cyto- 
chrome c is a functional component of the electron transport chain 
in rat liver mitochondria (1). Endogenous cytochrome c can be 
extracted from liver mitochondria which have been exposed to a 
hypotonic medium with salt solutions (0.05 m or higher). 
Schneider e¢ al. (12) obtained similar results except that phos- 
phorylative capacity was also lost. Presumably the successful 
extraction of cytochrome c requires an ionic environment in the 
immediate region of its binding site. The mildly hypotonic me- 
dium (0.015 m KCl) apparently produces sufficient modification 
of the mitochondrial structure to remove the constraints on ionic 
(K+ and cytochrome ct) diffusion between the intra- and extra- 
mitochondrial regions. Such exposure concomitantly induces 
some loss of phosphorylative potential. An optimal hypotonic- 
ity was found (0.015 m KCl) which allowed extraction of more 
than 95% of the endogenous cytochrome c while effecting only 
25% loss of phosphorylative capacity. Even this loss could be 
partially reversed with certain anionic factors (Table I). Chance 
and Williams (13) and Estabrook (9) reported that exposure of 
mitochondria to water followed by washing with isotonic saline 
reduced their endogenous cytochrome c concentration to below 
the spectroscopically detectable level. We have found that the 
use of 0.015 m KCI rather than distilled water did not significantly 
decrease the quantity of endogenous cytochrome c which could 
be recovered from the 0.15 m KCl washings on ion exchange resin. 
It is therefore probable that our extracted preparations would 
show a similar absence of the characteristic cytochrome c absorp- 
tion maxima. Studies (14, 15) with fragmented mitochondria 
from beef heart suggest that extraction of endogenous cytochrome 
c from such mitochondria may possibly require their exposure to 
solutions of surface active agents, a treatment decidedly unfavor- 
able to preservation of phosphorylative capacity. However, 
Slater and Cleland (16) showed that a-ketoglutarate oxidation 
in heart muscle particles which had been isolated in saline medium 
was stimulated 3-fold by added cytochrome c and that this oxida- 
tion was accompanied by efficient phosphorylation. The experi- 
ments reported in this paper would certainly support the general 
concept that endogenous cytochrome c is bound in the electron 
transport chain of rat liver mitochondria by electrostatic forces 
similar to those operative on cation exchange resins. Widmer 
and Crane (17) have suggested that in heart muscle particles the 
endogenous cytochrome c is bound to lipid. If this were true 
for rat liver mitochondria, dissociation of the lipid-cytochrome 
c complex in 0.15 m KC\ is indicated by our results. 

All of the electron transport reactions which were examined 
in our experiments proceeded to molecular oxygen by way of cy- 
tochrome c. It can be seen from Figs. 1 to 3 that the concentra- 
tions of cytochrome c which give maximal and half-maximal 
reaction velocities are essentially equivalent for all substrates. 
This would support but not prove a viewpoint that all mitochon- 
drial oxidations share a common pathway or set of pathways 
from cytochrome c to molecular oxygen. The variation in cyto- 
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Fia. 3. Restoration of DPNH oxidation in extracted mitochon- 
dria by added cytochrome c. Basic reaction mixture as described 
in text except that substrate is DPNH (7.5 X 10°-*m). @——@, 
standard extracted preparation washed with 10-* m histidine, pH 
6.0; O——O, same washed with 10-3 Tris, pH 7.8. 


chrome c content of the four mitochondrial preparations repre- 
sented in Fig. 1 is not commensurate with the much smaller varia- 
tion in succinate oxidation rates. The explanation for this 
variation from one preparation to another is not clear. 

It is generally assumed that antimycin A titrates some com- 
ponent of the respiratory enzyme chain. With our mitochondrial 
preparations, the inhibition of succinate oxidation by antimycin 
began at a concentration of 0.06 <x 10-* m and was essentially 
complete at 0.12 x 10-* m. The data of Fig. 1 and Table II 
suggest that cytochrome c titrates its binding site and that un- 
specific binding of cytochrome c by extracted mitochondria does 
not occur in the concentration range which defines the linear rise 
of the curves in Fig. 1. The concentration of cytochrome c re- 
quired to produce maximal oxidation rates in a given aliquot of 
mitochondria was generally the same as that extracted (from 8.5 
mg of mitochondrial protein) and of the order of 0.25 to 0.50 x 
10-* m which is considerably higher than the antimycin titer. 
The significance of the observed discrepancy is not clear at pres- 
ent. Estabrook (9) found that approximately 1.5 x 10-* m cyto- 
chrome c was necessary to produce half maximal velocity 
of succinate oxidation in extracted mitochondria derived from 2 
g wet weight of guinea pig liver. The standard mitochondrial 
aliquot used in our experimental! flasks represents about 0.5 g 
wet weight of rat liver or one-fourth that used by Estabrook. 
Our results are therefore essentially in agreement. 


SUMMARY 


1. A quantitative study has been made of the restoration by 
added cytochrome c of succinate, glutamate, a-ketoglutarate, 
citrate, B-hydroxybutyrate, and reduced diphosphopyridine nu- 
cleotide oxidations in mitochondria which have been depleted of 
their endogenous cytochrome c by exposure to 0.015 m KCl and 
subsequent washing with 0.15 m KCl. 

2. The amount of cytochrome c that fully restores the oxida- 
tions is very nearly identical to that extracted. Phosphorylation 
is coupled to the reconstituted electron transport reactions with 
about 75% normal efficiency. 
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3. The cytochrome c added to the depleted mitochondria ap- 


pears to titrate its binding site. _- 
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Rat liver choline dehydrogenase has been known for many 
vears to be one of the “cytochrome-reducing dehydrogenases”’ 
(1). Although it is functionally and structurally linked to the 
respiratory chain and acts without the mediation of readily 
dissociable coenzymes (2), the cytochrome components linking 
choline dehydrogenase to oxygen have not been established. 

The purpose of this investigation was 2-fold. First, quantita- 
tive differences in the titration of the succinic and choline oxidase 
activities of liver mitochondria with various respiratory chain 
inhibitors, and other dissimilarities between the two enzyme 
systems, did not seem to be compatible with the operation of a 
common respiratory chain (3, 4). It was of interest, therefore, 
to study the respiratory pigments functioning in the choline 
oxidase system. Since choline oxidase is the only known enzyme 
system inhibited by Amytal (3, 5) which does not operate by 
way of pyridine nucleotide coenzymes (2), it was desirable to 
localize the site of inhibition by Amytal. The present paper 
shows that the respiratory pigments operative in choline oxidase 
are spectroscopically indistinguishable from those functioning in 
the succinic oxidase chain and the site of Amytal inhibition is 
identified between flavoprotein and cytochrome b. The implica- 
tions of these results on the interrelation of choline and succinic 
oxidases in rat liver are dealt with in the succeeding paper (4). 


EXPERIMENTAL 


Materials and Methods 


The preparative and assay methods employed have been 
described in the previous paper (2). The spectrophotometric 
experiments were performed with the wave length-scanning (6) 
spectrophotometer. The method of Chance and Williams (7) 
was employed for the calculation of the % reduction of the respir- 
atory pigments in the steady state. 

The spectrophotometric experiments were carried out with 
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mitochondria preincubated in 0.088 mM phosphate buffer in order 
to induce swelling (8) and thereby overcome the relatively slow 
penetration of choline in intact rat liver mitochondria, as noted 
by Williams (9). Incubation in concentrated phosphate solu- 
tions was not necessary in manometric experiments, since incuba- 
tion of dilute mitochondrial suspensions in isotonic sucrose or 
KCl for a few minutes permits immediate oxidation of choline 
at maximal rates (4). 

Other experimental conditions are given in the text and the 
legends. 


RESULTS 


Inhibition by Amytal—The inhibitory effect of Amytal on the 
oxidation of choline with O, as terminal acceptor in liver mito- 
chondria was first noted by Ernster et al. (5). This inhibition is 
not related to the effect of Amytal on DPNH oxidation, since 
pyridine nucleotides do not participate in the oxidation of choline 
to betaine aldehyde (2, 3). Fig. 1 shows the relation of Amytal 
concentration to the extent of inhibition when the oxidation 
proceeds by way of the complete respiratory chain with O, as 
electron acceptor. Complete inhibition was reached with 3 mm 
Amytal. Similar results were obtained anaerobically with 
cytochrome c as electron acceptor. 

A concentration of Amytal sufficient to inhibit completely the 
oxidation of choline via the respiratory chain has no effect on 
choline dehydrogenase activity in the phenazine methosulfate 
assay (Table I). However, choline oxidation with ferricyanide 
as electron acceptor is Amytal sensitive. This is in accord with 
previous findings (2) that the reaction with ferricyanide requires 
mediation by one or more components which are separated from 
the dehydrogenase upon extraction of the latter in soluble form. 
The slow oxidation of choline in the presence of methylene blue in 
liver mitochondria, another indirect reaction possibly involving 
respiratory chain components (2), is also inhibited by Amytal. 

Site of Action of Amytal and Components of Choline Oxidase 
Chain—Since the choline-phenazine methosulfate reaction is not 
inhibited by Amytal, whereas the choline-ferricyanide reaction 
is Amytal sensitive (but not antimycin sensitive (3)), it appeared 
likely that the site of action of Amytal was between the dehy- 
drogenase and the cytochrome chain. To verify this hypothesis 
the following experiment was performed. A relatively concen- 
trated mitochondrial suspension was used and the reaction mix- 
ture was flushed with 100% O, for 5 minutes initially to exhaust 
endogenous substrate and to allow for a longer time interval in 
the steady state. Then mitochondria and 2 mm Amytal were 
added to both cuvettes, and a base line was established. Choline 
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Fig. 1. The effect of Amytal on choline oxidase. Manometric 
assay of choline oxidation at 30°, pH 7.6, in the presence of 1.7 X 


10-2 m choline, 1.5 X 10-2 m phosphate, 1.2 X 107! m KCl, 20 mg 


of mitochondria (biuret basis), supplemented with 1.1 mg of cyto- 
chrome c, in a total volume of 3 ml. 


TABLE I 
Effect of Amytal on choline oxidation in ferricyanide and phenazine 
methosulfate assays 

Conditions: Manometric assays at 30° as previously described 
(2). In the phenazine methosulfate assay, 7.3 mg of mitochon- 
drial protein (biuret basis) and 0.5 mg of dye were present; in 
the ferricyanide experiments, a different mitochondrial prepara- 
tion was used and 5.2 mg of mitochondrial protein, 20 mg of serum 
albumin, 3.3 X 10-2 m ferricyanide, and 3.3 X 10-2? Mm NaHCO; 
were present, with 5% CO2-95% N:2 in the gas phase. Activity is 
expressed as uzmoles of choline oxidized per minute per 100 mg. of 
mitochondrial protein. 


Additions Electron acceptor |Activity| — 
% 
Choline Phenazine methosulfate | 3.79 
Choline + 1.8mm Amy-| Phenazine methosulfate | 3.70 0 
tal 
Choline Ferricyanide 2.28 
Choline + 3.3mm Amy-| Ferricyanide 0.13 | 94 
tal 


(5 mm) was then added to only one cuvette. Both samples were 
scanned in the region of 460 to 640 my during the resultant 
steady state. The data are plotted in Fig. 2, showing the base 
line as a straight line. 

The spectrum shows clearly the extensive reduction of flavo- 
protein by choline in the Amytal-treated system, but only a 
very small reduction of the cytochromes. Cytochrome c was 
calculated to be only 4.4% reduced in the steady state on addi- 
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Fic. 2. The effect of choline on the steady state of the respira- 
tory chain components in Amytal-treated mitochondria. 4A, 
Base line (corrected to a straight line) for mitochondria in oxi- 
dized state in presence of Amytal; B, difference spectrum, mito- 
chondria in oxidized state with Amytal minus same in presence of 
choline. The reaction mixture in each cuvette contained 0.25 
ml of mitochondria (23 mg of protein) in 0.25 m sucrose, 35 umoles 
of KCl, and 175 wmoles Pj, pH 7.5, in a total volume of 2ml. For 
other conditions, see text. 


tion of choline, whereas the flavoprotein (465 to 500 my) is 
largely reduced. 

In other experiments, it was shown that during the aerobic 
steady state flavoprotein was less reduced and cytochromes 8, 
c + ci, a, and as were more extensively reduced; for example, 
cytochrome c + c; was generally 17 to 25% reduced under these 
conditions. The cytochrome components involved, in terms of 
the position of their absorption peaks in the steady state and in 
the anaerobic state, were not distinguishable from those obtained 
with succinate and DPNH oxidation. The crossover point for 
Amytal inhibition of choline oxidation between cytochrome } 
and flavoprotein assigns the locus of inhibition for this compound. 
This locus corresponds to that observed for the nonphosphorylat- 
ing DPNH oxidase of heart muscle (10) and is clearly distinct 
from that observed by Chance and Williams (11) for DPNH- 
linked substrates of mitochondria under conditions of oxidative 
phosphorylation. In the latter system, Amytal acts between 
DPNH and flavoprotein. 


DISCUSSION 


Since Amytal inhibits the oxidation of choline by way of the 
respiratory chain completely, without inhibiting succinate oxida- 
tion (5), and since the choline dehydrogenase activity is un- 
affected by Amytal, it appeared that the initial part of the respir- 
atory chains linking the two dehydrogenases to the cytochrome 
system might be different. This point of difference is also indi- 
cated by other studies showing that the chemical bonds uniting 
choline and succinic dehydrogenases to the electron transport 
chain in rat liver are dissimilar. For example, alkaline buffers, 
which readily extract succinic dehydrogenase from an acetone 
powder of liver mitochondria, fail to extract choline dehydrogen- 
ase in soluble form (2), and phospholipase A extracts choline 
dehydrogenase, but not succinic dehydrogenase from liver mito- 
chondria.! 

The finding that the crossover point for Amytal inhibition in 
choline oxidase is between choline dehydrogenase and cytochrome 


1T. P. Singer, unpublished data. 
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b is in accord with the inhibition by Amytal of the choline-ferri- 
cyanide, but not of the choline-phenazine methosulfate interac- 
tion. (Since the reduction of ferricyanide is insensitive to 
antimycin, this oxidant appears to intercept electrons between 
choline dehydrogenase and cytochrome 3), possibly in an indirect 
manner (12).) 

The assumption in the interpretations presented is that the 
flavoprotein reduced by choline in the steady state (Fig. 2) is 
choline dehydrogenase itself. This hypothesis is based on the 
facts that choline oxidase activity declines markedly in riboflavin 
deficiency (13, 14) and that flavin accompanies the dehydrogen- 
ase throughout the purification thus far achieved.? It is further 
supported by experiments, in which a double-beam spectro- 
photometer is used and reduction followed at 465—500 mu in 
the steady state, that have shown that the bleaching of the 
oxidized flavin band in liver mitochondria by succinate and by 
choline are both rapid reactions and that the extent of reduction 
by the two substrates appears additive. 

As regards the nature of the respiratory chain in choline oxi- 
dase, these experiments show that the usual cytochrome compo- 
nents associated with the electron transport system in liver mito- 
chondria are reduced by choline in the steady state and in 
anaerobiosis. 


SUMMARY 


1. Choline oxidation in rat liver mitochondria is inhibited by 
Amytal when Oz, external cytochrome c, ferricyanide, or methy]- 
ene blue serves as electron acceptor. The action of choline 
dehydrogenase itself, as assayed by phenazine methosulfate, is 
not Amytal-sensitive. 


2T. Kimura and T. P. Singer, to be published. 
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2. In the steady state during choline oxidation, Amytal inter- 
rupts the flow of electrons from flavoprotein to the cytochrome 
chain. A crossover point was identified between flavoprotein 
and cytochrome b. 

3. Flavoprotein, cytochromes b, c + c; and a + a3 are reduced 
by choline in the steady state and in anaerobiosis, and it was 
concluded that these respiratory pigments are on the pathway of 
electron transport from choline to Oz. 
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In a previous communication (1) a new obligately anaerobic 
bacterium, Vibrio cholinicus, was described. The organism is 
highly specialized with respect to its growth substrate, choline, 
and in addition produces considerable amounts of a chromophoric 
substance with spectral characteristics closely resembling animal 
cytochrome c. V. cholinicus was isolated from soil by the enrich- 
ment culture technic, with choline as the sole substrate for 
growth. As demonstrated by balance studies and tracer experi- 
ments, the over-all fermentation reaction catalyzed by the organ- 
ism may be written: 


+ 
2(CH;); NCH»CH.2OH + H.O 
+ 
2(CH;);NH + CH;CH,OH + CH;COOH 


This over-all process is clearly exergonic, since the organism 
derives all of its energy for growth from choline degradation. 
There appear to be no strictly analogous reactions which have 
been investigated in detail in biological systems; therefore, a 
study of this reaction, which may be looked upon as an internal 
reductive cleavage and a dismutation, was undertaken with the 
view that it might reveal some interesting “high energy”’ inter- 
mediates. 

The present communication is concerned with properties of 
enzyme preparations of V. cholinicus which catalyze the over-all 
process. It will be shown that there is adenosine triphosphate 
synthesis associated with the reaction and that ferrous iron is 
required. Preliminary studies on the nature and ‘possible func- 
tion of the cytochrome pigment in this microorganism are also 
reported. 


EXPERIMENTAL 


Materials—Choline-1 ,2-C™ was purchased from Volk Radio- 
chemical Company, and choline-C“H,; was the generous gift of 
Dr. Jacob Stekol. P-labeled orthophosphate and S**-labeled 
sulfate were obtained from Carbide and Carbon Corporation. 
Crystalline yeast ethanol dehydrogenase, yeast hexokinase, and 
glucose-6-phosphate dehydrogenase were commercial prepara- 
tions from the Sigma Chemical Company. Acetokinase was 
prepared from extracts of Clostridium sticklandii (2). 

Analytical Methods—The over-all reaction was measured by 
choline disappearance as follows: when choline labeled with C™ 
in the 1,2 positions is used as substrate, the radioactive products 
of the reaction (ethanol and acetate) are volatilized when the 
sample is dried at pH 1, whereas choline is not. Routinely, 
aliquots of deproteinized reaction mixtures were plated with 
two drops of glacial acetic acid and five drops of 95% ethanol 


and dried under an infrared lamp; the dried samples were assayed 
for radioactivity with an end window Geiger-Muller tube. By 
comparison with a zero time sample the amount of choline which 
had been decomposed could be calculated. By drying similar 
aliquots of the mixtures at pH 7.5 it is possible to assess the 
amount of ethanol formed and, by difference from choline disap- 
pearance, acetate production. Alternatively, methyl-C'*-labeled 
choline can be used as substrate and the samples dried at pH 10.5, 
thus volatilizing all of the labeled product, trimethylamine. 
However error is introduced through the volatilization of small 
amounts of residual choline under these conditions. All radio- 
activity measurements were corrected for background and self 
absorption. 

In the balance experiments, acetate, ethanol, and trimethyl- 
amine were identified and quantitated by methods previously 
described (1). In addition, acetate was identified and assayed 
by the acetokinase reaction (2). Ethanol was also estimated by 
a spectrophotometric assay employing yeast ethanol dehydrogen- 
ase (3). ATP formed during choline degradation was trapped 
with glucose and hexokinase as glucose 6-phosphate; the latter 
was estimated spectrophotometrically with glucose 6-phosphate 
dehydrogenase and TPN (4). P*-Glucose 6-phosphate formed 
in experiments in which P®-labeled orthophosphate was employed 
was further identified chromatographically by comparison with 
the authentic compound (5). Organic P*®-labeled phosphates 
were measured by the solvent-extraction procedure of Nielsen 
and Lehninger (6). A modification of the Fiske-SubbaRow 
method was used for inorganic phosphate (7). Ten-minute acid 
labile phosphate was measured after heating for 10 minutes in 
1 N hydrochloric acid at 100°. 

Sulfate reduction to sulfide was estimated in incubation mix- 
tures containing S**-labeled inorganic sulfate; acid volatile radio- 
activity at the end of incubation was a measure of the amount of 
H.S** formed. Total inorganic sulfate was measured colori- 
metrically after precipitation with benzidine (8). 

Carrier-free H;P0, was autoclaved overnight at 121° to 
hydrolyze polyphosphates present, and adjusted to pH 7 before 
use. 

Enzyme Preparations—The organism was grown in lots of 20 
liters in a culture medium which differed from that previously 
described (1) only in the use of sulfuric acid rather than hydro- 
chloric to neutralize the sodium bicarbonate. While still in the 
log phase of growth, about 12 to 16 hours after addition of a 10% 
inoculum, the cells were harvested in a Sharples centrifuge cooled 
to 16-18°. The time of harvesting is critical since lysis occurs 
very rapidly at the end of the log phase; similarly, if the centri- 
fuge rotor is not cooled, an appreciably lower yield results, pre- 
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sumably because of lysis. The packed cells were washed once 
in 10 volumes of cold 0.05 m sodium dimethylglutarate buffer, 
H 6.7. 
: Dried cells were prepared by lyophilizing a thick slurry of 
fresh washed cells in dimethylglutarate buffer; cell-free sonic 
extracts were prepared from heavy suspensions of cells in the 
same buffer with the use of a 200-watt Raytheon 10 kilocycle 
oscillator. Cellular debris was removed at 25,000 xX g and the 
clear supernatant solution frozen. Such a preparation main- 
tains its capacity to catalyze the over-all fermentation reaction 
for at least several weeks, whereas dried cells stored at — 18° lose 
this activity in about 2 weeks. If the extract is repeatedly 
thawed and frozen a marked loss of activity ensues. Stability 
is favored by storage at pH 6.7 as compared to neutral or alkaline 
H. 

: Incubation Conditions—Incubations with dried cells or ex- 
tracts were routinely carried out at 37° in volumes of 1.0 ml in 
0.05 m sodium dimethylglutarate or potassium phosphate buffers, 
pH 7.1, under helium. When ferrous salts were included in the 
incubation mixtures, they were added during the gassing proce- 
dure. The reaction was stopped by the addition of perchloric 
acid to a final concentration of 3% (volume for volume), and 
analytical procedures were carried out on the deproteinized solu- 
tions, either directly or after neutralization with potassium 
hydroxide. 


RESULTS 


Reaction Products and Stoichiometry—By the methods pre- 
viously described (1), trimethylamine, ethanol, and acetic acid 
were identified as the products of choline fermentation catalyzed 
by dried cells and cell-free sonic extracts. The stoichiometry of 
the reaction with two different lots of extract is presented in 
Table I. It is seen that the choline which disappears is quantita- 
tively recovered as trimethylamine and ethanol plus acetate. In 


TaBLeE I 
Fermentation of 1,2-C™-choline by sonic extracts of V. cholinicus 


Reaction mixtures contained per ml: 1 wmole of ADP, 5 umoles 
of FeSQ,, and 50 wmoles of sodium dimethylglutarate, pH 7.1. 
For Experiment 1 samples also contained 90 wmoles of choline 
and 14 mg of protein (crude extract); Experiment 2, 15 wmoles of 
choline, and 6 mg of protein; Experiment 3, 15 wymoles of choline, 
5.5 mg of protein, and 1 ymole of KCN. Incubation times were 
70, 30, and 40 minutes, respectively. In all cases choline disap- 
pearance was measured by the radioactive assay described. In 
Experiment 1 acetate was measured by titration of the acid steam 
distillate and ethanol by dichromate oxidation. In Experiments 
2 and 3 acetate was measured by the acetokinase reaction and 
ethanol with yeast alcohol dehydrogenase and DPN. 


Experiment 1 
Experient | Experi- 
2 ment 3 
Specific 
activity*® 
pmoles umoles pmoles 


Choline consumed........... 
Acetate formed.............. 


> 
oon 

o 


Ethanol formed............. 20.1 ‘ 
Trimethylamine formed... ... 70 t 


* Counts per minute per umole. 
t Not measured. 
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TaB_eE II 
Fractionation of crude sonicate by centrifugation 
Fractions were prepared as described in the text. The par- 
ticles were washed once in the sucrose-glutathione-dimethyl- 
glutarate solution, recentrifuged, and finally suspended in a vol- 
ume of the same medium equal to that of the original extract. 
Equivalent amounts of sucrose and glutathione were added to 
those incubation mixtures not containing the particle prepara- 


tion. Reaction mixtures contained per ml, 30 umoles of choline, 
2 umoles of ADP, 2 umoles of orthophosphate, 5 umoles of FeSO,, 
and 50 umoles of sodium dimethylglutarate, pH 7.1. Incubation 
time was 35 minutes. 

Fraction 

pmoles 

Crude extract, 0.15 ml (10 mg of protein).......... 16.4 
Supernatant fraction, 0.15 ml (7.5 mg of protein) .. 2.4 
Washed particles, 0.15 ml (2 mg of protein)........ 2.1 
Supernatant fraction + particles.................. 14.7 
Heated* supernatant fraction + particles.......... 0 
Supernatant fraction + heated* particles.......... 0 


* 10 minutes as 70°. 


contradiction to the stoichiometry previously presented for the 
same reaction with growing cultures (1), it will be noted that here 
there is relatively more of the oxidized product, acetate, and less 
of the reduced, ethanol. A major difference between the two 
situations is that the growing cell fermentations were carried out 
in the presence of only trace amounts of sulfate, which can also 
function as a terminal electron acceptor. Sonic extracts on the 
other hand were prepared from cells grown in a medium contain- 
ing large quantities of sulfate, and, in addition, the reaction 
mixtures were supplemented with ferrous sulfate. Under these 
conditions the disappearance of choline in the reaction mixture 
was observed always to be associated with the production of a 
fine black suspension, which upon acidification became soluble 
and gave positive qualitative tests for sulfide. When sulfate 
reduction to sulfide was quantitated (Experiment 2), it was found 
partially to balance the discrepancy between the amounts of 
ethanol and acetate formed. Since the conversion of sulfate to 
sulfide requires 8 electrons, the sulfate reduction measured here 
accounts for about one-half the observed difference. Further- 
more, under conditions where sulfate reduction is selectively 
inhibited (e.g. 10-? m KCN), the stoichiometric relationship be- 
tween ethanol and acetate is restored (Experiment 3). Hence 
it is concluded that both the growing cultures and the extracts 
catalyze the same over-all fermentation of choline. 

Fractionation of Sonic Extracts—As shown above, the complete 
enzyme system required for the over-all fermentation of choline 
is preserved in the sonic extracts. This system consists of a 
soluble protein fraction and a particulate fraction, separable by 
centrifugation for 2 hours at 108,000 x g in a Spinco preparative 
ultracentrifuge (Table II). The particles are recovered as a 
dark, red-brown, gelatinous precipitate which can be “dissolved”’ 
readily in 0.05 m sodium dimethylglutarate buffer, pH 6.7. 
Neither fraction alone has appreciable ability to catalyze the 
over-all reaction, but recombination restores essentially full 
activity. Each fraction supplies a heat-labile component(s) 
which is completely destroyed by heating for 10 minutes at 70°. 

The particles are rather unstable when suspended in dimethyl- 
glutarate buffer alone and lose 80 to 90% of their activity on 
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Fic. 1. Stimulation of choline degradation by ferrous sulfate. 
The control reaction mixture (@——@) contained 60 uwmoles of 
choline, 50 umoles of potassium phosphate buffer, pH 7.1, and 7.5 
mg of dried cells in a final volume of 1 ml. In addition, some 
samples (O——O) contained 3 wmoles of FeSQ,, and others 
(A——A) contained 0.15 ml of a cell-free preincubation mixture 
prepared as described in the text. 


TABLE III 


Effects of metal ions and of iron-chelating agents on choline 
decomposition by dried cells of V. cholinicus 


Complete system, Exper :uent1: 45 umoles of choline, 50 uzmoles 
of potassium phosphate, pH 7.1, and 7.25 mg of dried cells in a 
final volume of 1 m]. Incubation time 55 minutes. Experiment 
2, same conditions except 30 wmoles of choline and 45 minutes. 


Experiment Additions Choline consumed 
pmoles | pmoles 

1 None | 21.0 
FeSO,, 1.5; 3.0 33.1; 35.1 
MgCl>, 2.5; 5.0 | 20.5; 18.6 
MnCl, 2.5; 5.0 16.2; 15.6 

2 None | 15.4 
FeSO,, 3.0 28.0 
FeCl., 3.0 28.1 
FeCls, 3.0 15.5 
K.2S80,, 3.0 17.8 
a,a-dipyridyl, 1.0 | 0 
o-phenanthroline, 1.0 | 0 
ascorbate, 2.0 18.4 
ascorbate, 2.0 + | 0 
a,a-dipyridyl, 1.0 | 


storage for 12 hours at —18°. Stability is somewhat improved 
when 0.25 m sucrose and 0.001 m glutathione are incorporated 
into the buffered suspending medium. The soluble supernatant 
fraction maintains full activity for at least a few weeks when 
stored at —18°. 

Further attempts to find a more suitable medium in which to 
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resuspend the particulate protein fraction have not as yet been 
made. For the most part, crude sonic extracts were employed 
for the experiments described in the following sections. 

Ferrous Iron Requirement—In preliminary studies on the 
fermentation of choline with dried cells as enzyme source, it wag 
noted that there is a considerable lag period before the rate of 
choline disappearance becomes linear (Fig. 1, Control curve). A 
substance accumulated in solution in such incubation mixtures 
which, when separated from the cells by centrifugation and 
added to fresh incubation mixtures, markedly decreased the lag 
period. Chromatography on ion exchange resins revealed the 
activating material to be largely cationic in nature. Ferrous 
iron was tested and found to be very effective in replacing this 
preparation. A number of other reducing agents, such as 
mercaptans and ascorbate were either without effect or were 
inhibitory. A comparison of the effects of saturating levels of 
the cofactor preparation and of ferrous iron on the rate of choline 
decomposition is shown in Fig. 1. It is seen that ferrous sulfate 
replaces the cofactor preparation, and from the data in Table III 
it is clear that this is an effect of the ferrousion. Ferrous chloride 
in an equivalent concentration was equally effective, whereas 
ferric chloride, magnesium chloride, manganous choride, and 
potassium sulfate failed to stimulate. Moreover, iron-chelating 
agents such as a,a-dipyridyl or o-phenanthroline completely 
inhibit choline degradation. 

In some preparations, partial additive effects were observed 
with saturating levels of the cofactor preparation and of ferrous 
sulfate; the cofactor preparation may have provided, in addition, 
adenylate nucleotides, which are also necessary for the over-all 
reaction (see below). 

The lag period characteristically lengthened as a function of 
time of storage of dried cells (not protected from oxygen). Thus 
it appears likely that iron in the preparation becomes oxidized 
during storage and must be reduced, either by preincubation with 


uj 
§ 
a 
w 30 - 
vz 
O 
© 20 ~ 
x 
iJ 
Ow 
a 10 wil 
= 
~ 


@) 2 4 6 8 10 
MOLES Fe* ADDED 


Fic. 2. Saturation curve for added ferrous sulfate. In this 
graph the increment of choline degradation above the control 
sample with no added iron is plotted against the amount of added 
FeSQ,. The control sample converted 11 umoles of choline to 
products. Reaction mixtures contained 45 wmoles of choline, 50 
pmoles of potassium phosphate buffer, pH 7.1, and 7.5 mg of dried 
cells in a final volume of 1 ml. 
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substrate or by the addition of exogenous ferrous iron, before a 
maximum rate of choline degradation can occur. 

There is a fairly sharp optimum concentration of ferrous iron 
for this stimulation which varies in different extracts but which 
jg usually in the range of 2.5 to 5.0 umoles per ml (Fig. 2). With 
the sonic extracts, some preparations were totally inactive unless 
supplemented with ferrous iron. 

Effects of Buffers and pH—Because of the ferrous iron require- 
ment shown above and the insolubility of ferrous phosphate, 
phosphate buffers are not suitable for enzyme studies with this 
system. Sodium dimethylglutarate is in every respect satis- 
factory and was used routinely at a final concentration of 0.05 m. 

The rate of choline disappearance increases as a function of 
increasing pH over the range from 6.5 to 7.3. However, since 
the enzyme system becomes progressively more unstable above 
pH 7.1, incubations were carried out routinely at the latter pH, 
and enzyme preparations were stored at pH 6.6 to 6.7. 

Time Course of Reaction—In contrast to dried cells (Fig. 1), 
the catalysis of choline degradation by sonic extracts is usually 
linear from zero time (Fig. 3). In this experiment the activities 
observed in potassium phosphate and in sodium dimethyl- 
glutarate buffers are seen to be identical. 

Esterificatton of Orthophosphate—It has been possible to demon- 
strate esterification of orthophosphate coupled with choline 
fermentation in unfractionated sonic extracts of V. cholinicus. 
As shown in Table IV, there is a marked stimulation of choline 
disappearance upon the addition of ADP or of ADP plus AMP. 
AMP alone or ATP were much less effective. In a separate 
experiment, IDP, GDP, and UDP each resulted in slight stimula- 
tion of choline disappearance, but none could fully replace ADP 
in this respect. Some of the sonic preparations were totally 
dependent on addition of catalytic levels of ADP. The crude 
preparations were found to contain a powerful ATPase, and this 
presumably accounts for the fact that only catalytic levels of 
ADP are needed. 7 
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Fic. 3. Time course of choline degradation by sonic extracts of 
V. cholinicus. The reaction was carried out in either 0.05 m po- 
tassium phosphate (A) or 0.05 m sodium dimethylglutarate (@), 
pH 7.1. Other components of the reaction mixture were 30 umoles 
of choline, 1 umole of ADP, 3 umoles of FeSO,, and 0.25 ml of crude 
_ extract (containing 15 mg of protein) in a final volume of 1 
ml. 
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TaBLe IV 


Effect of nucleotides and orthophosphate on choline degradation in 
sonic extracts of V. cholinicus 


Addition Poe ATP formed* 

pmoles pmoles pmoles X 2 
9.7 1.14 
ADT, OS + ARP, 11.0 1.46 


* Expressed as umoles of 10 minute acid labile phosphate. The 
control reaction mixture contained 15 wmoles of choline, 2.5 
pmoles of FeSQ,, 50 wzmoles of sodium dimethylglutarate, pH 7.1, 
and 7.5 mg of protein in a final volume of 1 ml. Incubation time 
was 40 minutes. 


TABLE V 


Choline-dependent esterification of orthophosphate by unfractionated 
sonic extract of V. cholinicus 


The complete system contained 30 xmoles of choline, 1 umole of 
ADP, 7 umoles of Pi, 2.5 1 moles of FeSQ,, a tracer quantity of 
P;*?, 6 uzmoles of MgCl>, 50 umoles of glucose, 10 mg of crystalline 
hexokinase, and 0.25 ml (12.5 mg protein) of crude sonic extract 
in a final volume of 1 ml in 0.05 m dimethylglutarate buffer, pH 
7.1. In the complete system, 18 uzmoles of choline were decom- 
posed. 


h 

Sample Pj uptake Glucose 

ase assay 
pumoles pmoles pmoles 


* The P*?-labeled product in the organic phosphate fraction was 
shown to be chromatographically identical with authentic glucose 
6-phosphate. 


Orthophosphate was supplied with the enzyme (usually about 
1 wmole), and little effect of its further addition was noted. The 
ATPase activity would also allow it to function catalytically. 
When 5 umoles of orthophosphate were added together with 1 
umole of ADP, some inhibition was in fact noted (Table IV). 
Since ferrous iron is also required, a critical balance between 
ferrous iron and orthophosphate must be maintained. 

Small amounts of ATP accumulate during choline fermentation 
in unfractionated extracts (Table IV), and when advantage is 
taken of a glucose-hexokinase trap a somewhat more appreciable 
substrate-dependent esterification of phosphate is observed 
(Table V). Even under these conditions, however, phosphatases 
appear to compete very effectively. 

Inhibitors—The effects of a variety of inhibitors on choline 
disappearance were studied and the results are presented in 
Table VI. The participation of a sulfhydryl enzyme or coen- 
zyme is suggested by the observed sensitivity of the system to 
arsenite and iodoacetate. The failure of the organic mercurial, 
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TaBLe VI 
Inhibition of choline fermentation in extracts of V. cholinicus 
This table represents the composite results of several individual 
experiments. All incubations carried out in 0.05 m dimethyl- 
glutarate, pH 7.1, with 1 ymole of ADP, 1 ymole of P;, 5umoles of 
FeSO,, 30 umoles of choline, and 6 to 9 mg of protein. 


Inhibitor added Final concentration Inhibition 
M % 
5 X 10°7;1 10°! 0; 21 
Iodoacetate*.............. 1 X 10°; 1 X 10°? 81; 96 
p-Chloromercuripheny] 

1 X 10-5; 1 10-4 7; 15 
1 X 10-5; 1 XK 1073 12; 100 
2,4-Dinitrophenol.......... 1 K 10°4; 5 K 10-4 68; 100 
5 X 10-4; 1 XK 10-3 6; 10 
Antimycin Af............ 3.7 X 10°§;1.1 XK 10°5| 0; 8 
1 X 10°5; 1 XK 107%; | 0; 19; 94 

1 X 10°? 


* Sodium salts; all stock solutions adjusted to pH 7.1 before 
use. 
t The concentrations shown here are 2 and 6 y per ml. 


p-chloromercuripheny! sulfonate, to inhibit appreciably under 
these conditions, may be indicative of protection by substrate 
or coenzymes. The enzyme preparation was not preincubated 
with the inhibitors. Of the inhibitors of oxidative phosphoryl- 
ation examined, 2,4-dinitrophenol alone produced significant 
inhibition in the concentration range in which “uncoupling’’ is 
observed in aerobic systems. Other experiments, the results of 
which are not tabulated here, revealed inhibition with carbonyl 
reagents such as 0.05 m sodium bisulfite, 0.05 m semicarbazide, 
or 0.7 m hydroxylamine. 

Cytochrome Spectrum—Extracts of V. cholinicus when reduced 
with sodium hydrosulfite revealed the typical absorption spec- 
trum of a cytochrome c type pigment, with absorption maxima 
at 553, 523, and 418 mp. In the oxidized state there is a single 
peak at 407 my. The reduced spectrum also appears after the 
addition of choline, as shown in Fig. 4. For this record, made 
with the Cary recording spectrophotometer, two matched cu- 
vettes were identically prepared with the usual reaction compo- 
nents, except that the reference cell contained no choline. Spec- 
tra were recorded at intervals up to 75 minutes, and it is seen 
that the spectrum of the reduced pigment gradually appears over 
this period. Decreases in absorption in the 450 my region are 
probably associated with flavin reduction. 


DISCUSSION 


The biological origin of trimethylamine from choline has been 
recorded previously in the literature (9-15), but the other prod- 
ucts have not been studied, except in the case of the hydrolytic 
cleavage by certain bacteria to produce ethylene glycol (11) or 
the serobic conversion to acetate (15). In the case of the organ- 
ism used in the present study, the anaerobic reaction must yield 
useful energy, since choline is the sole organic substrate for 
growth. This is confirmed in the experiments reported here, 
where ATP synthesis dependent on choline fermentation has been 
demonstrated in crude extracts. Knowledge of the more precise 
site of the phosphorylation awaits future studies, but it seems not 
unlikely, in view of the well known “uncoupling” effects of 2,4- 
dinitrophenol and of the marked inhibition of this compound on 
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Fic. 4. Appearance of the reduced cytochrome spectrum after 
addition of choline to a sonic extract of V. cholinicus. Conditions 
for obtaining this tracing are described in the text. At zero time, 
30 wmoles of choline were added to the sample cuvette. Other 
components, present in both sample and reference cells, were 2 
umoles of ADP, 2 umoles of orthophosphate, 0.1 umole of DPN, 1 
zmole of FeSQ,, 100 umoles of potassium dimethylglutarate buffer, 
pH 7.1, and 0.3 ml of crude sonic extract (containing 18 mg of 
protein) in a final volume of 1.61 ml. Curve 1, zero time; Curve 2, 
15 minutes after addition of choline; Curve 7, 75 minutes after cho- 
line; intervening curves at intervals of 10 to 20 min. At the end 
of 75 minutes all the choline had been consumed, and the spectrum 
remained unchanged for at least 2 more hours. 


choline fermentation observed here, that there may be an electron 
transport-coupled phosphorylation in this system. Another 
possible source of ATP is acetyl phosphate, which may be an 
intermediate in the sequence of reactions leading to acetate. 
The organism possesses an active acetokinase, thus providing 4 
mechanism for the formation of ATP from ADP and acetyl 
phosphate. Such a substrate level phosphorylation could yield 
at most one-half mole of esterified phosphate per mole of choline 
fermented. 

Evidence accumulated in recent years supports the view that 
the onium compounds are “high energy’ compounds (16-19). 
Thus, the free energy of hydrolysis of the thio-methyl group of 
S-adenosylmethionine has been calculated to be about 16,000 
calories (19). ‘The free energy change accompanying the transfer 
of a methyl group from dimethylacetothetin to homocysteine at 
pH 7 was estimated to be of the order of —20,000 calories per 
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mole on the basis of direct calorimetry measurements (20). The 
conversion of certain heterocyclic quaternary nitrogen com- 
pounds to their tertiary derivatives, as, for example, in the 
thiaminase catalyzed reaction (16, 17), is apparently associated 
with relatively large changes in free energy. However, most of 
this energy is attributable to neutralization (at biological pH) of 
the proton released by dissociation of the tertiary compound: 


R;NH = R3N + H* 


In the present situation such neutralization energy is not avail- 
able since the trimethylamine formed in the cleavage of choline 
is such a strong base that it exists almost exclusively as the 
protonated form at pH 7.0. In this respect, the reaction studied 
is analogous to the demethylation of betaine to dimethylglycine, 
a reaction which also proceeds without the formation of a proton 
at neutral pH (19). The possibility that energy other than 
neutralization energy is made available from the conversion of 
aliphatic quaternary nitrogen compounds to tertiary derivatives 
will require further study. 

The role of the cytochrome in this system remains to be clari- 
fied. Such cytochromes as have been isolated from obligately 
anaerobic sulfate reducing bacteria have been shown to have 
rather low oxidation-reduction potentials and to function in the 
over-all process of sulfate reduction (21, 22). The other possible 
role of the cytochrome of V. cholinicus might be as an electron 
carrier associated with the choline fermentation per se. Under 
the conditions of the experiment reported above (Fig. 4) where 
net reduction of the cytochrome was seen to be dependent on the 
presence of choline, both choline degradation and sulfate reduc- 
tion were occurring simultaneously. 

From its spectral characteristics, the cytochrome is most 
closely related to the ‘‘c” cytochromes of aerobic tissues, as are 
the other cytochromes from strictly anaerobic organisms (21-23). 
Investigation of the physicochemical properties of the cyto- 
chrome produced by V. cholinicus will be necessary before further 
comparisons can be drawn. 

The requirement of the highly labile particulate fraction un- 
doubtedly accounts for the failure of earlier attempts to purify 
the over-all enzyme system by conventional protein fractionation 
methods. However, once the particles are separated by centrifu- 
gation, the soluble enzyme fraction can be subjected to protamine 
and ammonium sulfate treatment with only slight loss in activity. 
With the use of such preparations, studies to elucidate the de- 
tailed mechanism of choline degradation are currently in prog- 
ress. 


SUMMARY 


1. The fermentation of choline by dried cells and cell-free sonic 
extracts of Vibrio cholinicus has been demonstrated, with the 
formation of ethanol, acetate, and trimethylamine. 


H.R. Hayward and T. C. Stadtman 
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2. The disparity in the stoichiometric relationship of ethanol 
and acetate has been shown partially to be accounted for by 
sulfate reduction, a process which is also catalyzed by these ex- 
tracts. 

3. A choline-dependent synthesis of adenosine triphosphate 
has been demonstrated, as well as marked inhibition of choline 
degradation by low concentrations of 2 ,4-dinitrophenol. 

4. The spectrum of the reduced cytochrome of V. cholinicus 
is presented ; reduction of the cytochrome is associated with either 
sulfate reduction or choline degradation. 

5. Possible sources of energy release in the over-all system are 
discussed. 
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With several different flavoproteins, the observation has now 
been made that reduction of the enzymes by substrate yields 
spectral intermediates different from those seen when hydrosul- 
fite is used as the reductant (1-5). In previous work from this 
laboratory (2, 6), evidence was presented that reduced diphos- 
phopyridine nucleotide peroxidase, a flavin adenine dinucleotide 
flavoprotein, forms a visible complex with DPNH. The com- 
plexed form of the enzyme can no longer be converted to free 
reduced flavoprotein by hydrosulfite. The absorption spectrum 
of the substrate-reduced enzyme resembles the spectra reported 
for substrate-reduced acyl coenzyme A dehydrogenase (3) and 
pig heart diaphorase (4). Since it seemed likely that certain 
features, at least, of the DPNH peroxidase system would have 
general significance for the problem of flavoprotein-substrate 
interaction, the system has been investigated in some detail. 
The present paper deals with the correlation between the struc- 
tures of a series of DPNH analogues and the ability of these 
analogues to (a) form complexes with the enzyme, and (6) serve 
as substrates for the enzyme. The results to be presented 
strongly suggest that the spectrophotometrically visible complex 
is kinetically active. 


METHODS 


Enzyme Assays—Assays were performed as previously de- 
scribed (6), except that potassium phosphate, 0.066 m, pH 6.5, 
was used as the buffer. At pH 6.5, the enzyme has about one- 
fourth the activity it displays at the optimum pH of 5.4, how- 
ever the higher pH was used in order to make the results of 
kinetic experiments comparable with those on complex forma- 
tion. Accurate determination of the Michaelis constants for 
DPNH and TPNH required the use of cuvettes with a 5-cm 
light path. In assaying the activity of poorly utilized DPNH 
analogues, high enzyme concentrations were attained through 
the use of microcuvettes (Pyrocell Company) (0.2 ml reaction 
volume, 1-cm light path). 

Measurement of Complex Formation—Since only limited 
amounts of highly purified DPNH peroxidase are available, 
spectral measurements were performed on aliquots of 0.1 ml of 
enzyme in microcuvettes (l-cm light path). Additions to the 
enzyme were made with microliter syringes (Hamilton Company) 


* Operated by the Union Carbide Corporation for the United 
States Atomic Energy Commission. 


under such conditions that the maximum dilution did not exceed 
10%. All data presented are corrected for dilution and for 
absorption of light by reagents. Microcuvettes equipped with 
lucite plugs were used in carrying out the anaerobic titration of 
hydrosulfite-reduced enzyme. Additions were made through a 
l-mm hole in the plug; between additions, the opening was 
covered with tape. An aliquot of 0.1 ml of enzyme in 0.05 
phosphate buffer, pH 6.5, was added to the cuvette, and after 
determination of the 450 and 540 my absorptions, the enzyme 
was reduced with 5 ul of 20% sodium hydrosulfite in 10% 
NaHCO;. After a 10 minute wait to ensure complete reduction 
of the flavoprotein, the enzyme was titrated with aliquots of a 
concentrated pyridine nucleotide solution. Since mixture of the 
cuvette contents caused partial reoxidation of the uncomplexed 
flavoprotein, it was necessary to wait 10 to 15 minutes between 
additions of pyridine nucleotide. When the 450 my band was 
stable, the next aliquot was added. The 540 my band of the 
complex, however, developed immediately on addition of the 
appropriate pyridine nucleotide and remained stable (see the 
experimental section). At the end of the titration, the system 
was allowed to revert to the oxidized state, and the absorption 
spectrum then returned to that of oxidized enzyme. 
Enzyme—DPNH peroxidase of specific activity 9000 was pre- 
pared from vacuum-dried cells of Streptococcus faecalis, as pre- 
viously described (6). The molecular extinction coefficient of 
the enzyme was determined by precipitating the protein with 
10% trichloroacetic acid (final concentration) and comparing 
the absorption of the FAD released with that of authentic FAD 
under the same conditions. The extinction coefficient at 450 
my was calculated from the constants furnished by Whitby (7). 
The extinction coefficient for DPNH peroxidase (average of two 
determinations) is 10.6 « 10° cm? per mole. 
Materials—Oxidized and reduced DPN and TPN were ob 
tained from Sigma and Pabst. The following DPN analogues 
were obtained from Pabst: 3-acetylpyridine, 3-pyridinealdehyde, 
deamino, and 3-pyridinealdehyde-deamino. Reduced forms of 
the analogues were prepared enzymatically, with yeast alcohol 
dehydrogenase (8). NMN and NMNH were prepared by en- 
zymatic hydrolysis of DPN and DPNH, respectively, with snake 
venom diesterase (8). Nicotinamide riboside was prepared from 
NMN with a phosphatase from Achromobacter fischeri. The 
primary acid modification product of DPNH was prepared 38 
described by Rafter et al. (9). The acetone adduct of DPN 
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(DPN-acetone) was synthesized by the method of Burton et al. 
(10). AMP, ADP, and ADPR! were purchased from Pabst. 
Oxidized and reduced dinucleotides were determined by means 
of the coefficients furnished in Pabst circular OR-15. NMN, 
nicotinamide riboside, and occasionally DPN and TPN were 
determined from the absorption of the cyanide adducts (11). 
The author is indebted to Dr. L. Astrachan and Dr. M. P. Stul- 
berg for gifts of snake venom diesterase and Achromobacter 
fischeri phosphatase, respectively. 


EXPERIMENTAL 


Spectrum of Complexed Enzyme—DPNH peroxidase catalyzes 
the reaction shown in Equation 1. 


DPNH + H* + H202— DPN* + 2 H,20 (1) 


Kinetic data (6) suggest the formation of a rate-limiting com- 
plex between DPNH, enzyme, and peroxide. Direct evidence 
(2, 6) that at least the binary complex between DPNH and 
flavoprotein can form will be briefly summarized. On addition 
of excess DPNH to oxidized enzyme, the 450 my band of the 
flavoprotein decreases only about 25% and a broad absorption 
band, centered around 540 my, appears in the long wave length 
region. Addition of excess hydrosulfite to the DPNH-reduced 
enzyme does not cause bleaching of the flavin; in fact, there is 
very little alteration of the spectrum except for a small decrease 
in the 450 mu absorption. Hydrosulfite alone, however, bleaches 
the enzyme in the typical manner (Fig. 1). These results are 
taken to mean that DPNH forms a complex with the enzyme 
and cannot be displaced from its binding site by reducing equiva- 
lents from hydrosulfite. When peroxide is added to the sub- 
strate-reduced enzyme, however, the spectrum of oxidized flavo- 
protein is immediately restored. 

For interpretation of the spectra, it is important to know 
whether the partial reduction in intensity of the 450 my band 
is obligatorily linked with formation of the long wave length 
band. The results shown in Fig. 1 demonstrate that these two 
absorption changes can be dissociated by choosing the proper 
substrate. ‘TPNH, for instance, causes about the same reduction 
in intensity of the 450 my band as DPNH; however, there is no 
detectable formation of the 540 my band with the former sub- 
strate. NMNH behaves in a similar manner. On the other 
hand, when pyridinealdehyde deamino-DPNH is used as the 
reductant, there is very little decrease in the 450 my absorption, 
but a long wave length band does form. The latter band is less 
intense than the one elicited by DPNH and, in addition, the 
absorption maximum is shifted toward 510 my. Although the 
two absorption bands can be obtained independently, the ab- 
sorption changes are linked in a constant ratio when the nucleo- 
tide used causes the formation of both the 450 and 540 my 
bands (as would be expected if the bands were attributable to a 
single spectral intermediate). 

The ultraviolet absorption spectrum bf DPNH-reduced en- 
zyme was determined at pH 8.1, in the presence of alcohol de- 
hydrogenase, alcohol, and one equivalent of DPN, according to 
the method of P. Strittmatter (personal communication). Under 
these conditions, the intensities of the 450 and 540 my bands 
were both about 15% lower than shown in Fig. 1 (pH 6.5). The 
ultraviolet difference spectrum showed a broad band with a 


‘The following abbreviations are used: ADPR, adenosine di- 
phosphate ribose; reduced flavoprotein. 
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Fic. 1. Spectrum of DPNH peroxidase in the presence of vari- 
ous reduced pyridine nucleotides. @——@, Enzyme, 0.1 ml in 
0.05 m potassium phosphate, pH 6.5 (equivalent to 0.071 umole of 
bound FAD per ml); O——O, enzyme plus DPNH, 2.0 umoles 
per ml; O——O, enzyme plus TPNH, 2.5 umoles per ml; - --, 
enzyme plus pyridinealdehyde deamino-DPNH, 1.2 uwmoles per 
ml; A——A, enzyme plus hydrosulfite, 5 ul of 20% sodium hydro- 
sulfite in 10% NaHCO;. Results corrected for any light absorp- 
tion by reagents and for dilution. 


plateau between 310 and 340 my. Most of the absorption is 
probably attributable to free DPNH, since the nucleotide is not 
stoichiometrically bound under the conditions used. The high 
absorption below 340 my, however, suggests the presence of an- 
other absorbing species. The difference spectrum of substrate- 
reduced microsomal DPNH-cytochrome reductase shows a peak 
at 315 my (12), which is attributed to enzyme-bound DPN. 

Formation of Complex with DPN Analogues—Previous work 
(2, 6) showed that the 450 and 540 my bands can be regenerated 
on the addition of either oxidized or reduced DPN to the hydro- 
sulfite-reduced enzyme. The resultant spectra are almost iden- 
tical to those produced when the reduced nucleotide is added to 
the oxidized enzyme. It was pointed out (6) that this finding 
is difficult to reconcile with any mechanism that does not some- 
how involve the participation of both reduced flavoprotein and 
reduced pyridine nucleotide in the formation of the complex. 
The hydrosulfite-reduced enzyme can be titrated with either 
oxidized or reduced pyridine nucleotide, and a plot of the increase 
in absorbance at either 450 my or 540 my against nucleotide 
concentration gives typical saturation curves. Whatever the 
nature of the complex formed under these conditions, the results 
appear to be meaningful since dissociation constants calculated 
from these data can be correlated with the Michaelis constants 
derived from kinetic studies. 

Representative data are shown in Fig. 2. Within experimen- 
tal error, DPN and DPNH give the same saturation curve. This 
result indicates that the ability of DPNH to regenerate the 450 
my absorption band is not caused by contamination of the re- 
duced nucleotide with traces of DPN. The data suggest that 
under the conditions of these experiments (‘‘Methods’’) (a) the 
same complex is formed whether oxidized or reduced pyridine 
nucleotide is added to hydrosulfite-reduced enzyme and (5) the 
complex is fully reduced, t.e. has the form FPH,-DPNH. An 
alternative explanation for the reduction state of the complex is 
given in the “‘Discussion.”” The data also demonstrate that the 
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Fic. 2. Titration of hydrosulfite-reduced enzyme with pyridine nucleotides. 
@, DPN; 


equivalent to 0.073 wmole of bound FAD per ml. @ 


Conditions described in ‘‘Methods.’’ Enzyme 
O——O, DPNH; pyridinealdehyde deamino-DPN; 


O——O, deamino-DPN; A——A, TPN; A——A, NMN; ®—_® nicotinamide riboside. 


natural substrate of the enzyme is bound more efficiently than 


the other analogues shown. It is of interest that TPN and NMN 
give virtually the same saturation curve; this point will be dis- 
cussed later. Nicotinamide riboside and pyridinealdehyde de- 
amino-DPN have only limited ability to regenerate the 450 mu 
band. 

Saturation curves such as those shown in Fig. 2 are highly 


TaBLeE I 
Maximum intensities of 450 and 540 mp bands: hydrosulfite-reduced 
DPNH peroxidase plus pyridine nucleotides 
Conditions as for Fig. 2, with saturating concentrations of 
pyridine nucleotides. 


450 my band 540 my band 
€mM A? €mM A 
1. Enzyme (oxidized)........... 10.6 0.36 
2. Enzyme + hydrosulfite...... 2.1 0.25 
3. (2) + DPN or DPNH. 8.4 6.3 | 1.95 | 1.70 
4. (2) + acetylpyridine DPNH*. 8.5 6.4 | 2.2 1.95 
5. (2) + deamino-DPN. 7.9 5.8 | 1.45 | 1.20 
6. (2) + pyridinealdehyde DPN 6.9 4.8 | 1.33 | 1.08¢ 
7. (2) + pyridinealdehyde de- 
sexs 3.4 1.3 | 0.51 | 0.26 
7.9 5.8 | 0.254 | 0 
10. (2) + nicotinamide riboside..' 3.6 1.5 | 0.254 | 0 
11. (2) + DPN-acetone.......... 1.9 —0.20 | 0.254 | O 
12. (2) + primary acid modifica- | 
tion product DPNH*......... 2.2 | 0.10 | 0.254 | 0 


¢A = Extinction for complex minus extinction for hydrosulfite- 
reduced enzyme, in 

*’ Acetylpyridine DPN causes large increase in absorbance at 
450 mp when mixed with hydrosulfite; results are therefore not 
presented. 

¢ With this analogue, maximum is shifted to 510 my and ab- 
sorbance is approximately 20% higher than at 540 mu. 

4 ¢.ny 18 Within a few % of that found for line 2. Difference is 
considered insignificant. 

¢ Presumably the trihydromonohydroxy nicotinamide analogue 
of DPN (13, 14). NG 


reproducible. Most of the analogues were tested several times 
with enzyme of the concentration used in Fig. 2, as well as sev- 
eral times with enzyme of one-fourth the concentration. Dis- 
sociation constants calculated from these data are identical 
within experimental error. Variation in the hydrosulfite level 
does not seem to affect the results, so long as there is an excess 
present to prevent reoxidation of the flavoprotein. Hydrosul- 
fite, therefore, does not seem to influence the equilibrium. With 
two exceptions to be noted later, hydrosulfite apparently reacts 
with the free but not the complexed form of the enzyme. A 
further indication of the reliability of these results is the stability 
of the long wave length band. When limiting concentrations 
of pyridine nucleotide are used, this band disappears immediately 
if the concentration of dissolved oxygen becomes high enough to 
reoxidize the flavoprotein. During titration of the hydrosulfite- 
reduced enzyme, however, the 540 my band increases in intensity 
in step with the increase in 450 my absorption whenever a nu- 
cleotide that causes both absorption changes is used. Between 
additions of pyridine nucleotide, the long wave length band is 
stable. These results indicate that the regeneration of the 450 
my absorption is not attributable to an increase in dissolved 
oxygen during the titration. This point is emphasized since, 
with free reduced flavin, the reappearance of the 450 my absorp- 
tion is a sign that reoxidation has taken place. 

Mazximum Intensities of 450 mu and 540 mp Bands—(a) Hy- 
drosulfite-reduced System—Table I lists the maximum intensities 
of the absorption bands formed when an excess of a pyridine 
nucleotide analogue is added to the hydrosulfite-reduced flavo- 
protein. These results, which are averages of several experi- 
ments, illustrate some of the structural requirements a pyridine 
nucleotide must fulfill before complexing can take place. The 
data show that the amino portion of the carboxamide group can 
be replaced with —H or —CHs3, however, simultaneous replace- 
ment of the carboxamide amino group with —H, and the adenylic 
acid amino group with —OH (as in pyridinealdehyde deamino- 
DPN) leads to almost complete loss of ability to form the com- 
plex. The results with NMN demonstrate that the adenylic 


acid moiety of DPN is necessary for formation of the long wave 
length band but not for formation of the 450 my band. Since 
TPN and NMN give similar results, it may be that the 2’-phos- 
phate of TPN prevents binding of the adenylic acid moiety. For 


reduc 


Feb 
forn 
mus 
the 
rege 
hvd 
of al 
spec 
prod 
(13, 
In 
mati 
the 
the 
resul 
6%; 
or m 
the | 
taine 
duced 
cleoti 
band 
are a 
svste 
With 
mp 
for p 
these 
enzy 
disso 
pletel 
form 
it has 
also | 
tion 
ably 
poor | 
deam 
also 
| adeni 
nucle 
Co 
of re 
for al 
reduc 
found 
bands 
the lo 
DP 
DPN 
enzy 
zyme 
the 
sulfite 
DP 
Ba 
does 


February 1960 


formation of the 450 my band, at least one phosphate residue 
must be attached to the ribose of nicotinamide riboside, since 
the latter compound, unlike NMN, has only limited ability to 
regenerate the band. Replacement of one of the transferable 
hydrogen atoms of DPNH with acetone leads to complete loss 
of ability of the compound to form the characteristic absorption 
spectrum of complexed enzyme. The primary acid modification 
product of DPNH (presumably trihydromonohydroxy-DPN 
(13, 14)) is also inactive. 

In further studies of the substrate specificity for complex for- 
mation, some of the individual moieties of DPN were tested in 
the hydrosulfite-reduced system. Expressed as percentage of 
the 450 my absorption change caused by DPN, the following 
results were obtained on addition of the test compounds: ADPR, 
6%; ADPR plus nicotinamide, 11%; nicotinamide riboside, 24%; 
nicotinamide riboside plus ADP, 28%. None of the compounds 
or mixtures caused formation of the 540 my band. In addition, 
the latter band does not form in the presence of a mixture of 
NMN and AMP. These results demonstrate that the effect ob- 
tained with DPN is a property of the dinucleotide as a whole. 

(b) Formation of Complexes between Oxidized Enzyme and Re- 
duced Pyridine Nucleotides—In general, for those pyridine nu- 
cleotides that form complexes with the enzyme, the absorption 
bands obtained by adding reduced nucleotide to oxidized enzyme 
are almost the same as those found in the hydrosulfite-reduced 
system just described. Two exceptions were found, however. 
With pyridinealdehyde DPNH, the émy values at 450 and 540 
mu are 9.2 and 1.88, respectively. The corresponding values 
for pyridinealdehyde deamino-DPNH are 10 and 1.21. When 
these values are compared with those obtained with hydrosulfite- 
reduced enzyme, it appears that the complex formed between 
enzyme and pyridinealdehyde DPNH is approximately 30% 
dissociated in the presence of hydrosulfite, whereas the complex 
formed with pyridinealdehyde deamino-DPNH is almost com- 
pletely dissociated by hydrosulfite. Thus the weak ability to 
form complexes of the latter analogue is shown by the fact that 
it has little effect on the 450 mu band of the flavoprotein (see 
also Fig. 1) and that it cannot prevent extensive chemical reduc- 
tion of the flavoprotein by hydrosulfite. These results are prob- 
ably related to the finding that pyridinealdehyde DPNH is a 
poor substrate for DPNH peroxidase and that pyridinealdehyde 
deamino-DPN H is virtually inactive (next section). The results 
also illustrate that the amino groups of the nicotinamide and 
adenine moieties of DPN play an important role in binding the 
nucleotide to the enzyme. 

Complete spectra (420 to 600 my) for the system composed 
of reduced nucleotide plus oxidized enzyme have been measured 
for all the analogues listed in Table I except for NMNH and 
reduced nicotinamide riboside. The spectra are similar to those 
found with DPNH, except for the variation in intensities of the 
bands. With pyridinealdehyde DPNH, however, the center of 
the long wave length band is shifted to 510 mu. 

DPN-acetone and the primary acid modification product of 
DPNH (DPNH analogues) do not affect the spectrum of oxidized 
enzyme, nor do they prevent the complete reduction of the en- 
zyme by hydrosulfite. Reduced N-methy] nicotinamide bleaches 
the oxidized enzyme to produce a spectrum like that of hydro- 
sulfite-reduced enzyme. 

DPNH peroxidase activity is not inhibited by p-chloromer- 
curibenzoate (6). In agreement with this finding, the inhibitor 


does not alter the spectrum of oxidized enzyme (in the region 
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420 to 600 mz) nor does it prevent DPNH from causing the 
typical absorption changes. With microsomal cytochrome re- 
ductase, which is inhibited by p-chloromercuribenzoate, the mer- 
curial prevents the formation of the characteristic 315 my band 
(12). 

Actwity of Analogues as Substrates and as Complex-forming 
Agents—The data just presented show that the characteristic 
absorption spectrum of the DPNH-complexed enzyme is pro- 
duced only by DPNH and closely related pyridine nucleotides. 
The identification of the spectrum with that of a kinetically ac- 
tive intermediate in the peroxidase reaction, however, would 
require an evaluation of the transient kinetics for formation 
and disappearance of the characteristic bands. Since sufficient 
amounts of highly purified enzyme were not available, this ap- 
proach could not be used. Instead, a comparison was made 
between the structure of analogues and their ability both to form 
complexes with the enzyme and to serve as reductants for cata- 
lytic amounts of enzyme. Table II summarizes the results. 
First, it is evident that those nucleotides that cause pronounced 
changes in the spectrum of the enzyme also function as substrates 
for the enzyme. Nucleotides that cause the simultaneous for- 
mation of the 450 and 540 my bands function as hydrogen donors 
both for the peroxidase activity of the enzyme as well as for a 
very weak oxidase activity (Oz as acceptor). Those nucleotides 
(TPNH and NMNH) that form only the 450 my band are sub- 
strates for the weak oxidase activity and are very poor hydrogen 
donors for the peroxidase activity. 

The relation between spectral changes and enzyme activity 
may show up better in the ratio of peroxidase to oxidase activity 
than in the comparison of relative velocities. For instance, al- 
though pyridinealdehyde DPNH can cause the formation of both 
the 450 and 540 my bands (and therefore ought to be a peroxi- 
dase substrate according to the generalization just made), the 
analogue is oxidized at only 1% of the DPNH rate. The 
peroxidase-oxidase ratio of 6 shows that the pyridinealdehyde 
analogue is essentially a peroxidase substrate, however. Thus 
alteration of the DPNH structure by replacement of the car- 
boxamide —NHz group with —H affects primarily the velocity 
with which the ternary complex of enzyme, pyridine nucleotide, 
and peroxide is decomposed into products (Table II, Column 2). 
The dissociation constant of the binary complex is not affected 
to the same extent (5-fold increase, Table II, Column 7). On 
the other hand, replacement of the —NH: group of the adenine 
moiety with —OH (to form deamino-DPNH) affects primarily 
the dissociation constant of the binary complex, and to a lesser 
extent the velocity with which the ternary complex dissociates 
into products. Simultaneous replacement of the carboxamide 
—NH: group with —H and the adenine —NH: group with —OH, 
has a much greater effect than either of these changes singly, 
since pyridinealdehyde deamino-DPNH is a poor complexing 
agent and has only a trace of activity as a hydrogen donor for 
peroxide or oxygen. Not all changes in the carboxamide group 
cause drastic results, however, since the 3-acetyl analogue of 
DPNH is almost as good a substrate as DPNH itself. 

The observation that alteration in the carboxamide group of 
DPNH does not necessarily remove enzymatic activity (for 
various pyridine nucleotide dehydrogenases) was originally made 
by Kaplan et al. (15), and the mechanism by which this alteration 
affects chemical reactivity has been discussed (16). As men- 
tioned previously, DPN-acetone and reduced V-methyl nicotin- 
amide do not form a visible complex with the enzyme and neither 
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TABLE II 
Comparison of reduced pyridine nucleotide analogues as substrates for DPNH peroxidase 


Standard assay conditions, pH 6.5, temperature 24°. 


Oxidase reactions were measured in oxygen-saturated solution. 


Peroxidase Relative® intensity 
Substrate activity b K,? K* K/K 
velocity) ‘tool’ | 
M M 
100 70 100 100 5.9 X 1.6 X 1075 2.7 
M4 390 102 115 7.4 X 1078 5.6 X 107° 7.6 
18 7.4 92 71 2.4 & 10-4 4.2 X 10 1.8 
Pyridinealdehyde DPNH........................ 1.2 6 76 64 2.6 X 1075 8.3 X 10-5 3.2 
Pyridinealdehyde deamino-DPNH............... 0.017 0.5 21 15 


* Rates for 10-* m reductant, H2O2 as acceptor. 


For Vmax, multiply the relative velocities by the following factors: DPNH, 1.0 1.0; 


acetylpyridine DPNH, 0.91; deamino DPNH, 2.6; pyridinealdehyde DPNH, 1.2. 
> Vu,0./Vo, = ratio of weventdace to oxidase activity, with 10-4 m hydrogen donor. 


¢ From Aemm in hydrosulfite-reduced system (Table I). 
4K, = Michaelis constant, derived from kinetic studies. 


¢K = Dissociation constant determined from studies on complex formation (see Fig. 2). 
4 Applies to oxidase activity. Peroxidase activity with these substrates follows first order kinetics with respect to hydrogen donor. 
° Relative velocity with oxygen as acceptor is 0.015. This rate is not increased in the presence of peroxide. 


of these analogues has detectable activity as a substrate. Com- 
parison of the data for TPNH and NMNH again emphasizes the 
similarity in behavior of these compounds, even to the extent 
that both nucleotides are oxidized with first-order kinetics when 
peroxide (in excess) is the oxidant. The latter finding suggests 
that TPNH and NMNH (in concentrations as high as 5 X 
10-* m) are not able to form rate-limiting ternary complexes 
with peroxide and enzyme. 

Perhaps the best indication that the spectrum of the substrate- 
reduced enzyme is that of a kinetically active species comes from 
a comparison of the Michaelis constant (K,), determined from 
Lineweaver-Burk plots (17), and the dissociation constant (K), 
calculated from titration of hydrosulfite-reduced enzyme with 
pyridine nucleotide analogues (Fig. 2). For these calculations, 
it was assumed that the change in 450 my absorption is directly 
proportional to the concentration of the pyridine nucleotide- 
flavoprotein complex and that 1 mole of pyridine nucleotide 
combines with 1 mole of reduced flavoprotein. The latter as- 
sumption was checked by plotting the data for DPN and DPNH 
(Fig. 2) according to the method of Klotz (18; cf. Stockell (19)). 
This treatment indicated that 1 mole of DPNH is bound per 
mole of enzyme-bound FAD. Data for the other nucleotides 
could not be handled in this way, since the dissociations are too 
high for the y intercept (number of binding sites per mole of 
enzyme) to be evaluated accurately. In calculation of K, the 
experimental points used were those that fell between 30 and 
60% of maximal complex formation. The dissociation constants 
for NMN and TPN were averaged, since Fig. 2 shows that these 
two compounds give the same saturation curve. The values of 
K shown in Table II are independent of enzyme concentration, 
at least over the range 1.7 K 10-5 mM to7 10-5 M (as bound 
FAD). 

There are roughly two orders of magnitude separating the dis- 
sociation constants for the most efficiently and least efficiently 
bound nucleotides. Yet, over this range, the values of K and 
K, parallel each other fairly well. The average ratio of K:K, 


is 4, with the ratio for acetylpyridine DPNH being most out of 
line. For those compounds that form the 540 my band, the 
same series of dissociation constants can be esi from the 
540 my absorption changes. 

The two constants K and K, need not, of course, be identical 
in value, since K is a measure of the dissociation of reduced 
pyridine nucleotide from reduced enzyme, whereas A, is a meas- 
ure of the dissociation of reduced pyridine nucleotide from the 
ternary complex of reduced pyridine nucleotide, enzyme, and 
HO: Furthermore, the value for K, may be influenced by ks, 
the velocity constant for decomposition of the ternary complex 
into products. For a two-substrate reaction that proceeds by 
way of a ternary complex, A, may be analogous in form to the 
Briggs-Haldane relation (20). In the reaction catalyzed by 
DPNH peroxidase, K, does in fact vary with ks as shown by 
the finding that the K, for deamino-DPNH with oxygen as 
electron acceptor is one-third that found when peroxide is the 
oxidant, t.e. K, varies in the predicted manner with ks. 


DISCUSSION 


The data that have been presented do not indicate the nature 
of the complex that is formed between pyridine nucleotides and 
DPNH peroxidase. With acyl-CoA dehydrogenase, which shows 
spectral changes very similar to those described for the peroxidase 
system, the long wave length band has been attributed to 4 
substrate-stabilized flavin radical (21). In the DPNH peroxi- 
dase system, this explanation seems to be untenable since the 
characteristic spectrum forms in a fully reduced system (hydro- 
sulfite-reduced enzyme plus reduced pyridine nucleotide). Aside 
from this difficulty, the data of Fig. 1 offer further evidence 
against a semiquinone nature for the complex. On the basis of 
a semiquinone theory, the absorption changes at 450 and 540 mp 
ought to be obligatorily linked, since they presumably result from 
the electronic shift that takes place when the N (10) nitrogen of 
the isoalloxazine ring accepts an unpaired electron (22). The 
data of Fig. 1 on the other hand show that, with DPNH peroxi- 


048 

if tl 

tio 

pot 
expe 

ass 

the 
tion 

duc 
enz} 
The 

the 
wou 

it is 
that 

drog 
only 
| 
colo 
by § 
ases 

me 
disp 

enz 

for 

pH 
onr 
a CC 

Alt 
tion 
to t 
syst 
A 

cha 
An : 
spec 

(26) 
pero 
flavc 
phos 
Ri 
pero 
whic 
Con: 

logu 
gests 

func 
dissc 
sugg 
bind 
Ac 

and 

cont 

for 

cleo 
in th 
ity 0 


nor, 


February 1960 


dase, the two absorption changes can be obtained independently 
if the proper substrates are used, which is in obvious contradic- 
tion to a simple semiquinone mechanism. 

Some of the data may be reconciled with a semiquinone hy- 


pothesis, but only by making assumptions for which there is no 


experimental verification at present. For instance, one might 
assume that in addition to pyridine nucleotide and bound FAD, 
there is a third oxidation-reduction catalyst involved in the reac- 
tion. This hypothetical enzyme-bound group would not be re- 
ducible by hydrosulfite but could accept electrons from reduced, 
enzyme-bound flavin in the presence of either DPN or DPNH. 
The flavin group would be reducible by hydrosulfite, but not in 
the presence of excess pyridine nucleotide. This mechanism 
would allow the prosthetic flavin to assume a semiquinoid state 
in the presence of hydrosulfite plus DPN or DPNH. Although 
it is fruitless to continue such speculation, it may be pointed out 
that the reduction of flavoprotein is not so simple as previously 
thought. For instance, the bound flavin of dihydroorotic dehy- 
drogenase can be partially bleached by dihydroorotic acid, but 
only in the presence of cysteine (5). 

It is becoming increasingly obvious, however, that not all the 
color changes that flavoproteins undergo can be easily explained 
by semiquinone formation. One of the acyl-CoA dehydrogen- 
ases, for instance, exists in a green form, but a variety of treat- 
ments can convert the flavoprotein to a yellow form, possibly by 
displacement of an unidentified grouping (23). The old yellow 
enzyme can be reversibly transformed between green and yellow 
forms by the addition and removal of ammonium ions at alkaline 
pH (24). A red species of the old yellow enzyme, which occurs 
on reduction of the enzyme by TPNH (1), is believed now to be 
a complex between the flavoprotein and oxidized TPN (25). 
Although an electron spin resonance signal is detected on addi- 
tion of TPNH to the enzyme, the signal does not seem to belong 
to the red intermediate, since the admission of oxygen to the 
system abolishes the signal, but not the red color of the enzyme. 

An alternative to a stabilized semiquinone radical might be a 
charge transfer complex between substrate and flavoprotein. 
An attractive feature of this hypothesis is that charge transfer 
spectra seem to be characterized by very broad absorption bands 
(26), which recall the 540 my band of substrate-reduced DPNH 
peroxidase. Charge transfer complexes between DPNH and 
flavoprotein have been suggested as intermediates in oxidative 
phosphorylation (27). 

Regardless of the nature of the complex formed in the DPNH 
peroxidase system, the data presented give some indication of 
which substrate groups are involved in the complexing process. 
Consideration of the gross spectral changes elicited by the ana- 
logues and of the dissociation constants for the complexes sug- 
gests that the amino group of adenine, the amino group of the 
carboxamide moiety, and the 5’-phosphate of the NMN moiety 
function as binding centers. In addition, the difference in the 
dissociation constants for DPNH, deamino-DPNH, and NMNH 
suggests that the adenylic acid portion of the dinucleotide has a 
binding group or groups other than —NH:z. 

Active peroxidase substrates are able to generate both the 450 
and 540 my bands of the complex; the nucleotides in this group 
contain an adenylic acid moiety. TPNH and NMNH cause the 
formation of only the 450 my absorption band. These two nu- 
cleotides are poor peroxidase substrates, but like the nucleotides 
in the first group, they are substrates for the weak oxidase activ- 
ity of the enzyme. According to the six criteria listed in Table 
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II, TPNH and NMNH act in almost the same manner. This 
correspondence in behavior would be expected if the 2’-phosphate 
of TPNH prevented the binding of the adenylic acid moiety, 
thus making TPNH and NMNH almost identical as substrates. 
The data suggest that the 450 my band is formed under condi- 
tions in which only the NMNH moiety of a pyridine nucleotide 
can be bound to the enzyme. Enzyme-substrate complexes of 
this sort are weakly oxidized by both H:O2 and Oz. Simultane- 
ous formation of the 450 and 540 mu absorption bands takes 
place when both the NMNH and adenylic acid moieties can be 
enzyme-bound. Binding of both halves of pyridine dinucleotide 
substrates seems to be a prerequisite for efficient peroxidase ac- 
tivity. 


SUMMARY 


The flavoprotein, reduced diphosphopyridine nucleotide 
(DPNH) peroxidase, forms a complex with its physiological sub- 
strate, DPNH. The spectral changes accompanying complex 
formation consist of partial reduction in intensity of the 450 mu 
band of the flavoprotein and formation of a broad absorption 
band centered about 540 my. Pyridine nucleotide analogues 
that are peroxidase substrates are also able to elicit the charac- 
teristic absorption changes; those nucleotides that do not cause 
the typical absorption changes are not substrates. 

Two nucleotides, TPNH and reduced nicotinamide mononu- 


- cleotide, cause the formation of énly the 450 mu band. These 


compounds are very poor peroxidase substrates, but in common 
with active nucleotides, they serve as hydrogen donors for the 
weak oxidase activity of DPNH peroxidase. With the six nu- 
cleotides that have appreciable enzymatic activity, there is good 
correspondence between A, the dissociation constant of the vis- 
ible complex, and K,, the Michaelis constant determined from 
kinetic studies. All the criteria that have been used lend strong 
support to the hypothesis that the visible intermediate formed 
in the DPNH peroxidase system is a kinetically active enzyme- 
substrate complex. 
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